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RESEARCH  GOALS 

The  objective  of  this  intonated  research  program  is  to  detine  the  CEHiditions  under  which 
high  strength  /9-titanium  alloys  resist  environmentally  assisted  cracking  (EAC)  in  marine 
environments.  Specitic  goals  are  to:  (1)  characterize  EAC  for  metallurgical,  chemical  and 
mechanical  ctMiditions  that  could  destabilize  crack  tip  passive  films  to  promote  local  dissolution 
and  hydrogen  (H)  uptake,  (2)  test  the  hydrogen  embrittlement  mechanism  for  EAC,  and  (3) 
develop  a  mechanism-based  model  of  EAC  by  integrating  crack  chemistry,  surface  dissolution 
and  repassivation  kinetics,  hydrogen  uptake  to  trap  sites,  and  crack  tip  process  zone 
micromechanics  and  damage. 

RESULTS 

The  following  conclusions  were  established  in  FY  93  based  on  rising  load  fracture 
mechanics  experiments  with  solution  treated  and  peak  aged  Ti-15-3  (15V-3Cr-3Al-3Sn;  wt%) 
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and  Beta  21S  (Ti-lSMo-3Nb-3Al;  wt%)  in  aqueous  NaCl.  This  work  is  detailed  in  the  attached 

paper:  L.M.  Young,  G.A.  Young,  Jr.,  J.R.  Scully  and  R.P.  Gangloff,  'Aqueous  Environment  Enhanced 

Crack  Propagaticm  in  High  Strength  Beta  Titanium  Alloys',  Metall.  Trans.  A,  in  review,  1993. 

00  The  susceptibility  of  i9-21S  to  intergranular  envircmmait  assisted  cracking  (EAC), 
compared  to  the  resistance  of  Ti-lS-3,  correlates  with  preferential  and  copious  a-colony 
precipitation  on  ^  grain  boundaries  of  the  former.  Grain  boundary  a  (and  planar  slip, 
as  discussed  below)  are  promoted  by  long  time  and  high  temperature  processing. 
Processing  of  /9-titanium  alloys  must  be  controlled  for  EAC  resistance. 

00  While  susceptible  to  EAC  under  rising  load  in  NaCl,  /9-2 1 S  is  not  prone  to  intergranular 
cracking  at  static  stress  intensity  levels,  approaching  K|c,  over  comparable  loading 
times. 

00  Ultra-low  amplitude  cyclic  loading  does  not  promote  EAC  in  /9-21S  when  superposed 
with  high  static  stress  intensities.  Calculated  crack  tip  surface  plastic  strains  and 
average  strain  rates  should  be  sufficient  to  promote  crack  tip  surface  depassivation  and 
H  uptake,  however,  microscopic  plasticity  in  the  process  zone  appears  to  be  insufficient 
for  EAC  damage.  "Ripple  loading"  at  higher  stress  intensity  ranges  produces 
transgramUar  fatigue  crack  growth,  however,  this  behavior  is  equivalent  for  Ti-lS-3 
and  ^-2 IS  in  both  NaCl  and  moist  air;  there  is  no  evidence  of  a  unique  environmental 
mechanism  of  ripple  load  damage. 

00  Existing  continuum  mechanics  models  of  crack  tip  strain  and  strain  rate  fields  are 
insufficient  for  micromechanical  modeling  of  loading  rate  effects  on  EAC. 

00  EAC  in  Beta-2  IS  may  proceed  by  hydrogen  environment  embrittlement.  The  beneficial 

effects  of  cathodic  polarization  and  slow  crack  tip  strain  rates  are  speculatively  traced 
to  reduced  hydrogen  production  at  the  occluded  crack  tip  for  the  former,  and  increased 
crack  tip  passive  film  stability  or  reduced  dislocation  transport  of  hydrogen  for  the 
latter. 

00  The  2S*’C  NaCl  EAC  resistance  of  properly  processed  peak  aged  )8-titanium  alloys  is 
superior  to  that  of  quenched  and  temper^  martensitic  steels  at  similar  high  yield 
strengths. 

Limited  work  investigated  the  effect  of  sulfate  reducing  bacteria  (SRB)  on  aqueous 

environment  -enhanced  fatigue.  (R.P.  Gangloff  and  R.G.  Kelly,  'Microbe  Enhanced  Environmaital  Fatigue 

Crack  Propagation  in  HY130  Steel',  Corrosion,  in  press,  1S193.  ) 

oo  SRB,  specifically  Desulfovibrio  vulgaris  in  Postgate  C  solution,  greatly  enhance  fatigue 
crack  propagation  rates  and  reduce  fatigue  crack  initiation  life  for  a  martensitic  alloy 
steel  (HY130)  under  cathodic  polarization  (-1000  mV^,).  Transgranular  fatigue 
cracking  in  sterile  NaCl  becomes  intergranular  due  to  the  SRB.  Metabolic  sulfide- 
enhanced  atomic  hydrogen  uptake  and  crack  tip  process  zone  hydrogen  embrittlement 


conducting  this  work  will  be  supported  by  an  NSF  fellowship. 

00  Employ  I(hi  ChTomatognq>hy  and  Cs^illary  Hectioi^Fesis  to  measure  crack  solution 
chemistry  as  a  function  of  time  during  loading,  ^lied  electro(te  potential,  and  ultra- 
low  amplitude  cyclic  loading  in  order  to  assess  the  effects  of  these  factors  on  crack 
surface  reactions  and  EAC. 

oo  B^in  to  develop  a  high  resolution  charactoization  experiment  and  mechanics  analysis 
to  probe  blunt-notch  surface  film  stability,  environmental  hydrogen  uptake  and  process 
zone  damage  evolution  in  a  model  ^-titanium  microstructure. 

00  Hydrogoi  embrittlement  studies  will  be  und^taken  mi  solution  treated  and  aged  Beta 
C.  Mechanical  studies  will  include  fracture  initiation  toughness  on  compact  tension 
samples  under  slow  rising  load,  as  well  as  notched  tensile  samples  with  finite  element 
analyses  of  stress  and  strain.  Results  will  be  correlated  with  precipitation  behavior, 
deformation  mode,  hydrogen  trap  analysis,  and  fracture  morphology. 

oo  Electrochemical  studies  will  continue  in  order  to  develop  the  elements  necessary  to 
explain  both  hydrogen  controlled  and  dissolution  controlled  aqueous  cracking 
phenomena. 


Studies  of  the  electrochemistry,  passivity,  and  repassivation  kinetics  of  ^-titanium  alloys 
lead  to  the  following  conclusions: 

00  Solid  solution  Mo  in  fi-21S  promotes  ^xmtaneous  passivation  in  5M  HCl;  while  an 
active-passive  transition  is  observed  for  V  stabilized  Ti-lS-3  (solution  treated), 
commercially  pure  a  and  a  +  fi  titanium  alloys.  Mo-lean  a  precipitates  in  /9-21S  are 
prone  to  active  dissolution  in  concentrated  HCl  roughly  simulating  crack  tip  chemistry. 
(D.G.  Kolman,  J.R.  Scully,  The  Passivity  and  ElectTochemistTy  of  a  Ti-Mo-Nb  P>Titanium  Alloy  in 
Ambient  TemperaUire  Aqueous  Sodium  Chloride  Solution*,  J.  Etectrochem.  Soc. ,  Vcd.  140,  No.  10, 
October,  1993.) 

00  Scratch  repassivation  studies  indicate  that  peak  anodic  currait  densities,  peak 
cathodic  current  densities,  and  repassivation  rates  are  similar  for  solution  treated 
or  aged  Ti-15-3  compared  to  /9-21S  in  both  neutral  NaCl  and  acidified  chloride 
simulating  a  crack  tip  chemistry.  The  difference  in  EAC  susceptibility  between 
Ti-lS-3  and  ^-21S  is  currently  traced  to  metallurgical  factors  (deformation  mode 
and/or  a  precipitates),  rather  than  intrinsic  differences  in  bare  electrode 
electrochemical  reaction  kinetics. 


In  addition  to  these  papers,  two  Master  of  Science  Dissertations  were  published: 

G.A.  Young,  Jr.,  "Hydrogen  Effects  in  Metastable  ^-Titanium  Alloys",  M.S.  Thesis, 
University  of  Virginia,  Charlottesville,  VA,  22901.  (Advised  by  Scully) 

L.M.  Young,  "Environment  Assisted  Cracking  in  /8-Titanium  Alloys",  M.S.  Thesis, 
University  of  Virginia,  Charlottesville,  VA,  1993.  (Advised  by  GanglofO 

These  students  graduated  in  FY93. 


RESEARCH  PLANS  FOR  FY  94 

Four  graduate  students  (B.P.  Somerday,  J.A.  Grandle,  David  G.  Kolman  and  Michelle 
Gaudett)  will  conduct  the  following  research  in  FY94. 

00  Characterize  the  aqueous  chloride  environmental  cracking  resistance  of  both  solution 
treated  and  peak  aged  Beta  C  (Ti-8V-6Cr-4Mo-4Zr,  obtained  from  RMI  Titanium), 
employing  both  the  rising  load  and  constant  stress  intensity  fracture  mechanics  methods, 
and  as  a  function  of  applied  electrode  potential  as  well  as  crack  tip  strain  rate. 

oo  Further  define  the  effect  of  grain  boundary  o,  and  associated  thermo-mechanical 
processing  on  EAC  in  /9-titanium  alloys. 

00  Establish  the  effect  of  sulfate  reducing  bacteria  on  the  EAC  resistance  of  peak  aged  /9- 
2  IS  as  well  as  both  solution  treated  and  peak  aged  Beta  C.  The  graduate  student 


are  implicated. 


00  Environmental  fatigue  crack  growth  kinetics  are  highly  transient  due  to  time-depradent 
SRB  population  growth  and  metabolite  concentration  increases,  as  well  as  to  metabolite 
ion  transit  in  bulk  or  crack  solution  and  to  H  diffusion  in  the  metal. 


The  following  conclusions  were  reached  based  on  internal  hydrogen  embrittlement  (IHE) 

studies  of  sdutitm  treated  and  aged  Ti-lS-3  and  ^*2lS. 

oo  Total  hydrogen  concentrations  as  low  as  SOO  wt.  ppm  produce  IHE  in  precracked 
specimens  of  peak  aged  Ti-15-3  and  fi-21S.  The  degree  of  embrittlement  is  a  function 
of  hydrogen  concentration,  constraint,  and  yield  strength  for  material  with  a  susceptible 
microstructure.  These  results  suggest  that  900  ppm  total  hydrogen  is  requir^  to 
produce  the  low  threshold  stress  intensity  values  observed  for  i9-21S  in  aqueous  NaCl. 

00  An  embrittlement  threshold  of  approximately  1000  wt.  ppm  total  hydrogen  was 
observed  for  blunt  notched  tensile  specimens  of  peak  aged  Ti-lS-3  and  ^-21S. 

(G.A.  Young,  Jr.,  J.R.  Scully,  ’The  Influence  of  Hydrogen  on  the  Mechanical  Pn^rties  of 
a  Ti-Mo-Nb  Alloy*,  Saipta.  MetaU.,  Vol.  23,  pp.  S07-S12,  1993.  and  G.A.  Young,  Jr., 

J.R.  Scully,  ’Internal  Hydrogen  Embrittlement  of  Solution  Heat  Treated  and  Aged  Ti-lSV-3Cr- 
3Al-3Sn  and  Ti-15Mo-3Nb-3Al,  Corrosion  J.,  in  review,  1993.) 

00  Long  time/high  temperatu  e  solution  treatments  promote  localized  planar  slip  in  solution 
treated  ^-21S  and  15-3.  This  deformation  mode  lowers  strength  and  ductility  in  the 
presence  of  internal  hydrogen.  Fine  intragranular  a  precipitates  in  aged  /9-titanium 
alloys  could  be  readily  sheared  by  dislocations,  further  promoting  planar  slip.  NaCl 
EAC  in  peak  aged  /9-21S,  but  EAC  resistance  for  Ti-lS-3,  may  be  governed  by  planar 
slip  in  the  former  but  not  in  the  latter.  (G.A.  Young,  Jr.,  J.R.  Scully,  ’internal  Hydrogen 
Embrittlement  of  Solution  Heat  Treated  and  Aged  Ti-15V-3Cr-3Al-3Sn  and  Ti-15Mo-3Nb-3Al, 
Corrosion  J. ,  in  review,  1993.) 

OO  Hydriding  of  a  large  volume  fraction  of  a  and  /9  is  not  required  for  IHE  of  these  high 
strength  /9-titanium  alloys.  Hydriding  of  a  was  only  observed  when  surface  connected 
a  was  exposed  to  electrochemical  reactions.  Intern^  hydrogen  preferentially  partitions 
to  the  bcc  /9  matrix.  The  possibility  exists  for  deformation  assisted  or  highly  localized 
hydriding  of  a-fi  interfaces.  (G.A.  Young,  Jr.,  J.R.  Scully,  ’The  InflueiKe  of  Hydrogen  on  the 
Mechanical  Properties  of  a  Ti-Mo-Nb  Alloy’,  Scripta.  MetalL,  Vol.  23,  pp.  S07-S12,  1993.  and  G.A. 
Young,  Jr.,  J.R.  Scully,  ’Internal  Hydrogen  End>rittlement  of  Solution  Heat  Treated  and  Aged  Ti-lSV- 
3Cr-3Al-3Sn  and  Ti-15Mo-3Nb-3AI,  Corrosion  J.,  in  review,  1993.) 

OO  A  finite  element  model  was  developed  to  determine  stress  and  strain  fields  in  notched 
tensile  bars  under  applied  loads  at  high  triaxial  constraint.  This  capability  will  be  used 
for  micromechanic^  modelling  of  EAC  and  IHE. 
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ABSTRACT 

The  objective  of  this  research  is  to  characterize  the  effect  of  sulfate  reducing  bacteria  (SRB)  on 
aqueous  environment  enhanced  fatigue  cracking  in  a  high  strength  alloy  steel.  Desulfovibrio 
vulgaris  in  Postgate  C  solutitm  greatly  increases  rates  of  ambient  temperature  fatigue  crack 
propagation  (FCP)  in  tempered  martrasitic  HY130  ^1  under  cathodic  polarization  and  low 
frequency,  constant  stress  intensity  range  loading.  Crack  growth  rates  in  the  SRB  solution  are 
increased  by  SO  to  1000-fold  relative  to  FCP  in  sterile  NaCl  solution  at  -1000  mV^  and  vacuum, 
respectively.  The  presence  of  microbes  shifts  fatigue  cracking  from  a  transgranular  path,  typical 
of  sterile  NaCl,  to  an  intergranular  crack  path  consistrat  with  the  enhanced  growth  rates.  The 
SRB  reduce  fatigue  crack  initiation  resistance,  countering  the  beneficial  effect  of  cathodic 
polarization  for  sterile  NaCl.  Increased  hydrogoi  uptake  at  the  occluded  crack  tip,  due  to 
bacterially-produced  HSVS~,  and  metal  embrittlemoit  are  implicated.  SRB  do  not  £q>pear  to 
colonize  the  occluded  alkaline  crack  tip.  Constant  AK,  transient  environmental  FCP  in  the  SRB 
solution  is  substantial,  and  most  likely  due  to  time-dependent  bacterial  growth  and  enhanced 
metabolically  reduced  sulfides.  Other  time-dependent  hydrogen  sources  may  be  important. 
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BACKGROUND 

Of  the  variables  studied  to  date,  reduced  sulfur  species  dissolved  in  aqueous  chloride 
solution  have  the  most  deleterious  effect  on  environment  oihanced  fatigue  crack  pr(^)agation 
(FCP)  in  steels^‘1  In  conjunction  with  cathodic  polarization,  gaseous  H2S  in  chloride  solution 
increases  FCP  rates  in  low  strength  C-Mn  steels  by  300-fold  over  rates  in  vacuum‘^1  This 
dramatic  increase  overwhelms  a  IS-fold  increase  in  growth  rates  observed  for  freely  corroding 
specimens  in  seawater  and  a  40-fold  increase  for  FCP  under  cathodic  protection‘s^  Sulfide¬ 
bearing  environments  also  degrade  the  monotonic  load  cracking  (stress  corrosion  cracking  or 
SCC)  resistance  of  steels,  particularly  for  higher  strength  levels‘^‘.  Sulfur  species  are  present  in 
sour  gas  wells  and  papermaking  process  solutions,  and  develop  due  to  the  metabolic  action  of 
sulfate  reducing  bacteria  (SRB)‘S'^. 

The  deleterious  effect  of  SRB  on  FCP  in  C-Mn  steels  has  been  documented**'*®^;  however, 
data  and  mechanistic  understanding  are  limited.  Thomas  et  al.  showed  that  the  decomposition 
of  marine  algae  in  estuary  silt  by  SRB  led  to  a  60  to  120-fold  increase  in  FCP  rates  under  free 
corrosion  conditions  or  with  mild  cathodic  polarization***.  SRB  effects  on  cracking  in  moderate 
to  high  strength  alloy  steels  ha\3  not  been  characterized**’***.  Understanding  of  SRB  effects  is 
hindered  by  several  factors.  Fatigue  experiments  generally  yield  steady  state  cracking  kinetics 
and  neglect  transient  growth  rates.  The  bacterial  environment  chemistry  generally  changes  with 
time  as  the  bacterial  population  progresses  through  different  growth  stages**^’*^*.  The  chemical 
composition  of  the  solutions  is  complex,  both  biologically  and  electrochemically.  SRB  may 
populate  test  chamber  surfaces,  boldly  exposed  fatigue  specimen  surfaces  and  areas  within  the 
occluded  crack.  The  relative  importance  of  SRB  at  each  location  has  not  been  defined.  Finally, 
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the  basic  chemo-mechanical  mechanisms  for  environment  enhanced  fatigue  cracking  are  unclear, 
even  for  steels  in  sterile  NaCl  solutions^’^  Both  anodic  dissolution  and  cathodic  hydrogen 
production  processes  are  important. 

Cathodic  protection  is  used  to  retard  both  goieral  corrosion  and  fatigue  crack  initiatitxi 
in  steels  exposed  to  sterile  and  SRB  containing  marine  environments‘‘’‘^‘^L  Protection  against 
general  corrosion  in  SRB  environments  requires  larger  applied  cathodic  potentials  than  in  sterile 
solutions*’*’***,  supporting  the  cathodic  depolarization  theory  of  SRB  influenced  corrosion.  Since 
SRB  prefer  near-neutral  pH  conditions,  the  local  alkalinity  produced  by  cathodic  polarization 
might  retard  their  growth*”**.  The  anodic  reaction  rate  (iron  dissolution)  is  also  decreased  by 
cathodic  polarization  and  the  contributitms  of  each  effect  have  not  been  delineated.  Cathodic 
polarization  effects  on  FCP  are  complex  for  sterile  environments***,  and  have  not  been 
characterized  for  biologically  inoculated  solutions. 

The  objectives  of  this  study  are:  (1)  to  characterize  the  effect  of  SRB  on  environmental 
FCP  in  a  moderate  strength  alloy  steel,  including  the  influence  of  cathodic  polarization,  and  (2) 
to  make  a  first  assessment  of  the  location  of  embrittling  bacterial  colonies  and  their  metabolites 
with  respect  to  the  fatigue  crack  tip  process  zone. 

EXPERIMENTAL  PROCEDURE 

Material 

HY130  alloy  steel  (Fe-0. 1  C-0.4  Mn-5.3  Ni-0.5  Cr-0.6  Mo-0.2  Si-0.06  V;  by  wt  %)  was 
investigated  in  the  quenched  and  tempered  condition.  Oversized  specimen  blanks  were 
austenitized  (830°C  for  90  minutes)  in  flowing  argon,  water  quenched  and  tempered  in  a  salt  batii 
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at  610°C  for  60  minutes  to  produce  a  hardness  of  33,  a  prior  austenite  grain  size  of  30  /im, 
and  a  calculated  toisile  yield  strength  of  1040  MPa^‘*l 
Fatigue  Crack  GrowA  Rate  Measunmaa 

Fracture  mechanics  single  edge  notched  tension  (SENT)  specimois  (5.1  mm  thick,  38.1 
mm  wide,  10.2  mm  deep  edge  notch)  in  the  LT  orientation  were  employed  for  fatigue  crack 
growth  rate  measurements.  Pin  griiq>ing  with  free  rotation  and  maximum  load  levels  were 
consistent  with  the  boundary  conditions  of  the  stress  intensity  solution  and  small  scale  yielding, 
respectively^”^ 

Fatigue  experiments  were  conducted  in  a  computer-controlled  servohydraulic  test  machine 
operated  in  load  control.  Crack  growth  was  continuously  monitored  by  direct  current  electrical 
potential  measurements.  Real-time  computer  control  guaranteed  constant  applied  stress  intensity 
range  (AK  =  at  low  constant  stress  ratio  (R  =  =  0.10)  and  a  constant 

loading  frequency  of  either  1  Hz  (for  crack  initiation)  or  0.1  Hz  (for  FCP).  Additional 
experiments  were  conducted  with  a  single  specimen  at  R  values  between  0. 1  and  0.85;  was 
constant  as  AK  levels  were  incrementally  decreased  to  avoid  delay  retardation.  A  constant 
frequency  of  either  1  Hz  or  5  Hz  was  maintained.  Electrical  potential-derived  crack  lengths  were 
linearly  corrected  based  on  the  difference  between  predicted  and  optically  measured  crack  lengths 
from  the  fractured  specimen.  Fatigue  crack  growth  rates  were  calculated  by  linear  regression 
analysis  of  crack  length  versus  load  cycles  data  for  each  constant  AK  and  R  condition. 
Aqueous  Environment  Control 

Two  aqueous  environments  were  investigated,  3%  NaCl  and  a  bacteriological  medium, 
both  at  near-neutral  pH  and  23®C.  For  the  latter,  Desulfovibrio  vulgaris  bacteria  were  cultivated 
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in  deaerated  Postgate  Medium  C  (in  g/1  of  distilled  water:  6.0  lactic  acid,  4.5  Na2S04, 1.0  yeast 
extract,  1.0  NH4CI,  0.5  KH2PO4,  0.3  hydrated  sodium  citrate,  0.06  hydrated  CaCl2,  0.06 
hydrated  MgS04,  0.(X)4  hydrated  FeS04)  stored  in  15  ml  vials. 

For  each  environment,  the  central  portion  of  the  edge  cracked  specimen  was  immersed 
in  a  sealed  plexiglass  chamber  of  1  liter  volume  as  shown  in  Fig.  1.  No  dissimilar  metal 
contacted  the  immersed  portion  of  the  specimen.  All  tubing  and  fittings  were  PTFE  and  the 
electrolyte  was  argon  deaerated.  The  grounded  specimen  was  maintained  at  a  constant  electrode 
potential  of  -1(XX)  mVscE  by  a  Wenking  potentiostat  in  conjunction  with  a  Ag/AgCl  reference 
electrode  and  two  platinum  counter  electrodes.  The  reference  electrode  was  located  adjacent  to 
the  notch  mouth,  while  the  two  counter  electrodes  were  normal  to  and  about  5  cm  from  the 
broad  faces  of  the  SENT  specimen.  The  reference  and  counter  electrodes  contained  3%  NaCl, 
and  were  isolated  from  the  test  solution  by  asbestos  frits.  The  sterile  3%  NaCl  solution  was 
peiistaltically  pumped  at  30  ml/min  through  the  chamber,  and  solution  in  the  chamber  was 
continuously  deaerated  with  argon.  For  experiments  with  SRB,  45  mi  of  bacterial  solution  was 
added  to  the  cell  which  contained  550  ml  of  Postgate  Medium  C,  diluted  by  4(X)  ml  of  distilled 
water  and  fully  argon  deaerated.  This  environment  was  statically  maintained  during  the  FCP 
experiment.  Specimens  were  immersed  in  the  bacterial  solution  for  4  hours  prior  to  fatigue 
loading. 

These  corrosion  fatigue  procedures  are  detailed  elsewhere^* 

RESULTS  AND  DISCUSSION 

Results  are  considered  in  four  sections.  The  first  characterizes  the  effect  of  SRB  on 
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fatigiw  crack  growth  in  HY130  steel  under  cathodic  polarizatim.  The  second  section  describes 
the  micioscc^c  £stigue  crack  paths,  as  related  to  both  the  cracking  kinetics  and  the  jnesence  of 
the  SRB.  The  third  section  demonstrates  the  deletmous  effect  of  SRB  <m  fatigue  crack  initiation 
resistance.  The  discussicm  qualitatively  explains  these  results  from  the  hydrogen  embiittlemoit 
perspective,  the  generally  accepted  mechanism  for  FCP  in  the  high  straigth  steel/aqueous 
solution  system. 

SRB-Enhanced  Fatigue  Crack  Growth 

The  strong  and  damaging  effect  of  SRB  cm  FCP  in  HY130  steel  is  demonstrated  by  the 
crack  growth  rate  (da/dN)  versus  applied  stress  intensity  range  (AK)  data  in  Fig.  2.  The  FCP 
behavior  of  HY130  steel  in  moist  air  and  vacuum  is  shown  by  two  dashed  lines  which  represent 
extensive  literature  data  for  C>Mn  and  alloy  steels‘‘'‘‘l  Growth  rates  at  AK  above  20  MPaym 
were  measured  at  several  constant  AK  levels,  a  single  constant  R  value  (0.10)  and  a  constant 
loading  frequency  of  0.1  Hz.  Below  AK  of  20  MPaym,  K„,„  was  maintained  constant  at  33 
MPaym  as  AK  was  step-reduced  (and  R  was  step-increased)  after  each  increment  of  steady-state 
FCP  was  obtained  at  frequencies  of  1  or  5  Hz.  This  procedure  minimizes  the  complicating 
mechanical  effect  of  fatigue  crack  closure,  and  produces  unique  growth  rate  relation^ips  for 
fitigue  in  moist  air  and  vacuum  where  intrinsic  R-value  effects  are  not  likely^'’"^  Limited  FCP 
data  for  HY130  steel  in  moist  air  (O),  obtained  with  this  constant  AK/K„,,„(  procedure,  are  in 
excellent  agreement  with  the  literature  results  shown  by  the  dashed  line. 

The  sterile  NaCl  environment  with  cathodic  polarization  at  -KXX)  increases  da/dN 
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Polarization  to  -1000  mVgcE  required  af^lication  of  cathodic  currents,  on  the  order  of 500  |iA/cni^  for  each 
deaerated  aqueous  environment. 
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by  4-fold  relative  to  moist  air  and  30-fold  relative  to  vacuum  for  HY130  steel  at  a  wide  range 
of  AK  and  R.  Da/dN  dq;)ends  on  AK  raised  to  the  2.9  power  below  20  MPa/m  and  the  1.6 
power  above  this  AK  level.  This  environmental  effect  is  typical  of  the  bdiavior  of  a  wide  variety 
of  C-Mn  and  alloy  steds  in  aqueous  chloridd'****'^'"^  Desulfovibrio  vulgaris  in  diluted  Postgate 
Medium  C  (-1000  mV^  enhances  crack  growth  rates  by  up  to  1(XX)  times  relative  to  vacuum, 
l(X)-fold  relative  to  air  and  40-fold  compared  to  3%  NaCl,  as  indicated  by  the  filled  triangular 
data  points  in  Fig.  2.**  While  crack  growth  experiments  were  not  conducted  in  diluted  Postgate 
Medium  C  without  SRB,  this  environment  is  likely  to  enhance  da/dN  similar  to  sterile  NaCl^’^ 
The  deleterious  effect  of  SRB  demonstrated  in  Fig.  2,  specific  to  cathodic  polarization  at  -1(XX) 
mVjcg,  is  comparable  to  published  data  for  SRB  oihanced  crack  growth  in  C-Mn  steels  under 
fireely  corroding  and  mildly  cathodic  (-850  mVscs)  conditi(ms^'*’l  Substantial  cathodic  protectitm 
does  not  mitigate  the  deleterious  effect  of  SRB  on  oivironmental  FCP  in  HY130  steel. 

The  importance  of  the  deleterious  SRB  effect  is  demonstrated  in  Fig.  3.  Trend  lines  from 
extensive  literature  data  represent  the  environmoital  FCP  bdiavior  of  a  wide  range  of  C-Mn  and 
alloy  steels,  cyclically  loaded  at  R  of  0.05  and  a  frequency  of  0.1  Hz  in  3.5%  NaCl  (sterile)  at 
a  fixed  cathodic  potential  of  -1000  The  two  filled  data  points  for  the  steady  state  low 

R-low  frequency  SRB  environment  are  rqilotted  from  Fig.  2,  and  are  rqnesented  by  a  power- 
law  (da/dN  a  AK'*^)  parallel  to  the  sterile  NaCl  results  in  Fig.  2.  (These  two  da/dN  values  for 
HY130/SRB  are  equally  consistent  with  a  relationship  parallel  to  the  AK'-^  dq)endence  indicated 
by  the  q)en  circle  literature  results  for  HY130  steel  in  sterile  NaCl,  Fig.  3.)  While  the  effects 


The  de/dN-AK  dq)endeoce  for  die  steady-state  SRB  case  in  Fig.  2  was  plotted  parallel  to  the  data  for 
HY130  steel  in  sterile  NaCl  and  should  be  interpreted  with  caution  because  R  increases  with  decreasing 
AK.  The  intrinsic  effect  of  stress  ratio  on  aivironmeatal  FCP  in  steds  is  undefined. 
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of  sled  yield  strength  and  microstnicture  are  less  than  a  factor  of  2  on  FCP  rate  at  any  AK,  the 
SRB  dramatically  enhance  da/dN  by  up  to  two  orders  of  magnitude. 

Environmentally  enhanced  FCP  in  steels  of  yield  strengdi  below  about  1200  MPa, 
exposed  to  sterile  aqueous  chloride  at  various  cathodic  dectrode  potentials  (see  Fig.  3),  generally 
occurs  at  cyclic  stress  intensity  levds  well  below  the  threshold  stress  intensity  for  monotonic  load 
cracking,  Kqcc  is,  both  and  in  the  fatigue  cycle  are  below  Por  such 

cases,  environmental  FCP  is  both  time-  and  load  cycle-dependent.  Considering  the 
HY130/sterile  NaCl  (-1(XX)  mV^  system,  K,scc  equals  110  MPaym^'*^  and  the  data  in  Fig.  2 
represent  FCP  at  K  levels  well  below  this  monotonic  threshold.  K^cc  steels  at  this  yield 
strength  is  lowered  to  pertiaps  20  MPaym  by  acid  and  gaseous  H2S  additions  to  NaCl  (e.g.,  the 
solution  defined  in  NACE  Standard  MR017S),  and  time-dq)endait  crack  growth  rates  (da/dt) 
are  rapid^^l  Kiscc  is,  however,  unknown  for  quenched  and  tempered  steels  in  the  SRB  solution. 
The  potency  of  SRB-enhanced  FCP  indicates  that  SCC  could  be  produced  by  particular 
metallurgical,  biological  and  electrochemical  conditions.  This  issue  must  be  examined.* 

When  the  .  >  plied  AK  is  maintained  at  a  constant  level,  FCP  in  steels  exposed  to  sterile 
NaCl  generally  is  steady-state  after  minimal  short-term  transient  growth.  That  is,  crack  length 
increases  linearly  with  the  number  of  load  cycles  for  constant  applied  AK.  For  sterile  NaCl  (as 
well  as  moist  air  and  vacuum),  each  point  in  Fig.  2  resulted  from  such  a  linear  record;  transient 
FCP  was  not  observed. 


For  eaviroameiital  FCP  above  Knee,  high  da/dt,  da/dN  depends  on  AK  raised  to  a  power  between 

10  and  40  at  cyclic  K  levels  near  Kboci  followed  by  essentially  AK-iiK^)endent  bduvior  at  higher  AK"’. 
The  HY130/SRB  growth  rates  in  Fig.  2  are  only  of  die  abov  i-K,»v.  type  if  Knee  loss  than  10  MPa^m. 
Alternately,  nnce  similar  power-law  da/dN-AK  relationships  are  obwrved  for  HY130  in  moist  air  (AK 
exponent  of  2.5),  sterile  NaCl  (2.9  and  1.6),  and  the  SRB  environment  (1.6),  the  FCP  behavior  in  Fig. 
2  could  be  of  the  bdow-Knee  lypo* 
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In  sharp  contrast  to  sterile  NaO,  transient  crack  growth  was  observed  ftH*  the  SRB 
environment.  I^gure  4  shows  measured  values  of  fatigue  crack  length  versus  loa^ng  cycles 
which  were  analyzed  to  yidd  a  portion  of  the  da/dN  vmus  AK  data  in  Fig.  2.  In  diis 
experiment,  a  single  HY130  specimen  was  immosed  in  SRB  plus  diluted  Postgate  C  with 
cathodic  polarization  at  -1000  mV^  fm*  four  hours  widiout  loading.  The  fatigue  crack  was  then 
grown  fnmi  the  notch  (depth  of  10.2  mm)  to  a  dq)th  of  1.46  mm  (total  notch  (rius  crack  length 
»  11.66  mm)  over  8100  cycles  at  1  Hz  (2.3  hour  exposure).  After  this  initial  crack  growth, 
constant  AK  (20.8  MPa/m,  R  =  0. 1)  loading  commenced  at  0. 1  Hz.  As  this  loading  continued 
from  8,100  to  10,800  cycles  (over  7.S  hours),  the  FCP  rate  accelerated  from  8.9  x  10^  to  2.0 
X  10^  mm/cycle.  Since  crack  length  did  not  linearly  increase  with  loading  cycles,  steady-state 
.^CP  was  not  achieved  during  Day  1.  The  qwcimen  was  maintained  in  the  SRB  solution  for  12 
hours  without  load,  and  the  expoimoit  was  rdnitiated  at  the  same  constant  AK  and  frequency 
(Day  2  in  Fig.  4).  The  resultant  crack  advance  was  essentiaUy  linear  for  a  time  period  of  1.2 
hours  and  at  an  average  rate  of  7.2  x  lO*^  mm/cycle,  indicating  that  steady  state  was  achieved. 

The  initial  SRB  rate  on  Day  1  (the  open  triangle  in  Fig.  2)  is  slightly  higher  than  the 
da/dN  value  tyincal  of  FCHP  in  sterile  NaCl,  while  increasingly  r!q>id  rates  are  observed  during 
Day  1  (as  shown  by  the  arrow  from  the  open  triangle;.  The  steady  state  behavior  observed 
during  Day  2  is  rqnesented  by  the  filled  triangle  labelled  "1"  in  Fig.  2.  Subsequent  sequential 
crack  growth  experiments,  labelled  "2"  and  ”3”  in  Fig.  2,  were  ccmducted  over  a  period  of  48 
hours  at  different  AK  and  R,  and  yielded  essentially  linear  a  versus  N  data.  Tlie  trend  line  in 
Fig.  2  approximates  steady-state  FCP  for  HY130  in  uio  3^vB  solution;  da/dN  dqpends  on  AK 
raised  to  the  1.6  power,  similar  to  the  behavior  of  C-Mn  steel  in  H2S  saturated  chloride  solution. 


9 

however,  a  widqr  range  of  AK  must  be  examined^^ 

Bacteria  concentrations  and  dissolved  levels  were  not  measured  during  these 
experiments.  The  SRB  solutimi  continuously  darkened  during  die  first  day  of  die  experiment  and 
HjS  was  formed  in  the  cell  based  on  smell.  These  obsmvadons  indicate  increaang  bacterial 
activity,  coincident  with  the  accelerating  crack  growth  rates.  It  is  likdy  that  a  constant  SRB 
environmoit  condition  was  achieved,  but  only  after  the  first  day*'^*'^^  Additional  foctors  may 
cause  transient  FCP  for  the  SRB  case,  as  considered  in  the  section  on  the  cracking  mechanism. 

These  results  demonstrate  that  SRB  environmental  effects  must  be  considered  in  damage 
ttdeiant  analyses  of  fatigue  in  marine  structures'^  Such  work  will  be  complicated  because 
da/dN  can  change  with  exposure  time  at  constant  AK  due  to  varying  biological  environment 
chemistry.  Fracture  mechanics  growth  rate  similitude,  in  conjunction  with  steady  state  da/dN 
versus  AK  data,  may  not  adequately  describe  component  performance.'  The  data  in  Fig.  2  may 
provide  a  reastmable  upper  bound  da/dN-AK  relationship  for  HY130  steel  in  SRB  of  essentially 
constant  activity.  Studies  of  metallurgical  effects  on  corrosion  fatigue,  for  example  weld  HAZ 
bdiavior,  must  include  SRB  chemical  variables  such  as  the  cultivating  medium.  From  a  practical 
perqiective,  significant  cathodic  polarization  did  not  mitigate  the  deleterious  effect  of  SRB  on 
either  FCP  or  fatigue  crack  initiation  (as  presoited  in  an  ensuing  section),  in  agreement  with  the 
work  of  Edyvean  and  coworkers^*^^  FCP  may  be  more  severely  enhanced  by  the  SRB  in  the 
presence  of  mild  anodic  polarization  or  under  fm  corrosion  conditions. 

'  Pins,  Wei  and  coworicers  experimentally  demonstrated  the  principle  of  fracture  medianics  similitude  for 
FCP;  diat  is,  ecpial  da/dN  ate  produced  for  equal  applied  AK  independent  of  applied  load,  crack  si»  and 
component  or  specimen  geometry*’*'^.  Similitude  enables  integration  of  laboratory  da/dN-AK  data  to 
predict  component  fodgue  behavior,  in  terms  of  either  applied  stress  range  versus  total  life,  or  crack  length 
versus  qrplied  load  cydes;  for  any  initial  defect  size  a^  component  configuratioo. 
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StBSaaitive  Fatigut  Chick  Sufiice  Morphology 

Enviiomnental  fotigue  crack  surfaces  were  examined  by  scanning  election  microscopy 
(SEM).  Results  ccmtained  in  Fig.  5  demonstrate  the  strong  embrittling  effect  of  Desu^vibrio 
vulgaris  on  FCP  in  HY130  steel.  (All  fractographs  are  oriented  with  the  fatigue  crack  growth 
direction  from  top  to  bottom  and  the  crack  front  parallel  to  the  hmizontal  direction.)  Figure  Sa 
shows  die  crack  morphology  typical  of  oiviionniental  FCP  in  sterile  NaCl  at  -1000  mV^. 
Cracking  is  oitirely  transgianular,  and  most  probably  associated  with  environment-enhanced 
martensite  lath  interface  cracking  and  crystallographic  cracking  along  a  low  index  plane  through 
the  tempered  martensite^"^  The  environmental  crack  path  illustrated  in  Fig.  Sa  is  different  from 
that  which  is  typical  of  FCP  in  HY130  steel  stressed  in  either  moist  air  or  vacuum.  For  these 
benign  envirmimaits,  FCP  is  transgianular,  but  invdves  crack  tip  plasticity  damage  independent 
of  environment-embritded  martensite. 

In  contrast  to  the  vacuum  and  sterile  NaCl  cases,  Desulfovibrio  vulgaris  in  diluted 
Postgate  C  [Komotes  intergranular  cracking,  the  increasing  prc^rtion  of  which  correlates  with 
increasing  FCP  rates.*  Figure  Sb  illustrates  that  SRB  enhanced  cracking  on  Day  1  progressed 
by  a  mixture  of  transgianular  and  intergranular  sqmation.  (Qualitatively,  the  proportion  of 
tian^ianular  cracking  is  equal  to  or  greater  than  the  amount  of  intergranular  sqnration,  as 
suggested  in  Fig.  Sb.  This  mixed  morphology  is  consistent  with  the  modesdy  enhanced  crack 
growth  rate  relative  to  fiilly  transgianular  FCP  in  sterile  NaCl  (Fig.  2).  Crack  growth  in  SRB 
during  Day  2,  Fig.  Sc,  occurred  by  a  larger  proportion  of  intergranular  separation,  correlating 
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Fatigue  crackiiig  in  the  SRB  envinmmenC  is  intergranular  with  respect  to  prior  austenite  boundaries  in 
HY130  steel. 
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with  the  incfeaae  in  bacterial  activity  and  increased  da/dN  compared  to  FCP  during  Day  1. 
POTtions  of  the  Day  2  crack  surface  were  nearly  100%  intergranular. 

Apart  firmn  severe  temper  embrittlement  and  abiotic  sulfide  additions,  no  chemkal  or 
mechanical  variable  has  been  jneviously  tqx>rted  to  induce  intergranular  fatigue  cracking  in  low 
to  moderate  strength  quenched  and  tempered  alloy  steels^'l 
SRB-BAamxd  FaAgue  Crack  butiadcm 

The  effect  of  envmxifmmt  on  notch-tip  fatigue  crack  initiation  (FCI)  in  HY130  sted  was 
measured  at  the  beginning  of  each  crack  prqiagation  experiment,  and  based  on  a  fracture 
medianics  estimate  of  the  local  pseudo-elastic  stress  and  total  strain  ranges^‘^1  SENT 
qrecimens  for  experiments  in  moist  air,  sterile  NaO,  and  SRB/Postgate  C  were  similarly  notched 
(with  a  toot  radius,  p,  of  0.2S  mm  and  by  grinding  without  additional  polishing),  and  subjected 
to  a  constant  AK  of  20.8  MPaym  (calculated  as  if  the  blunt  notch  was  a  crack  of  the  same  loigth) 
at  a  frequency  of  1  Hz  and  R  of  0.1.^  After  a  poiod  of  no  measurable  crack  f<HTnation,  FCI 
progressed  from  the  notch,  as  monitored  by  electrical  potential  measurements  during  cyclic 
loading. 

The  chloride  environments  affected  FCI  in  tempered  martensitic  HY130  steel,  as 
(temraistrsded  in  Fig.  6.  This  figure  presents  the  number  of  load  cycles  required  for  FCI  at 
constant  AK/yp,  where  a  crack  growth  incremoit  of  1  mm  is  employed  to  sqrproximate  the 
initiation  stage  of  cracking.  Results  are  given  for  FCI  in  mmst  air  and  three  aqueous  chloride 
environments.  It  is  well  known  that,  compared  to  fatigue  in  moist  air,  sterile  NaO  d^rades  the 

^  This  kMdmg  cooditioa  oorreapoods  to  a  notdi  root  pseudo-elastic  stress  range  of  1315  MPa,  calculated 
from  AK/^pi^,  nd  to  a  proportional  local  jdastic  strain  range  durt  was  not  determined.  Fatigue  crack 
initiatiaa  is  governed  by  plastic  strain,  bowe^,  die  stress-based  approadi  providm  a  basis  for  comparing 
environmental  effects. 
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FCI  resistanoe  of  C-Mn  and  alk^  steels^'^^  This  aivironmental  effect  is  severe  for  electrode 
potentials  near  free  OOTroskm  (-600  to  -730  mV^,  and  is  mitigated  by  api^ied  cathodic 
potentials  near  -1000  The  detrimental  effect  of  sterile  NaCl  at  -600  mV^  and  the 

bendidal  effect  of  i4)plied  cathodic  polarization  are  reflected  in  Fig.  6;  the  result  for  HY130 
sted  in  NaQ  at  -1000  mV^  vm  measured  in  the  current  study  and  the  free  ccnrosion  result  was 
estimated  based  on  data  reported  for  a  nmilar  high  strength  sted  loaded  at  a  frequoicy  of  0.2 
Hz  and  R  of  0.1^\  For  this  latter  case,  FCI  life  may  be  higho’  for  a  loading  frequency  of  1 
Hz. 

Desuf/bvibrio  vulgaris  in  Postgate  C  with  catlKxlic  polarization  reduces  the  FCI  resistance 
ofHY130  steel  relative  to  both  moist  air  and  sterile  aqueous  chloride  at -1000  m V^.  This  result 
is  technologically  important  because  cathodic  polarization  is  widely  used  to  mitigate  corrosion 
fatigue  crack  initiation  in  the  steel/chloride  system.  SRB  appear  to  reduce  its  effectiveness. 

Comparing  the  SRB  environment  at  -1000  mV^  to  sterile  NaCl  at  free  ocMnrosion,  the 
bacterial  solution  oihanced  FCP  in  HY130  steel,  but  reduced  FCI  »iscq)dbility.  SRB-stimulaled 
hydrogra  embrittlement  could  ctmtribute  to  the  environmoital  effects  on  both  crack  initiation  and 
pnqxigaticm,  as  discussed  in  the  next  sectitm.  The  aggressive  charactor  of  the  sterile  sdution 
at  -600  mV^  suggests  an  increased  role  of  pitting-based  FCI  compared  to  SRB  at  -1000 
mV^^l  Pitting  due  to  SRB-produced  reduced  sulfide  ^)ecies  at  -600  mV^a,  and  the  associated 
FCI  life,  have  not  been  characterized.  SRB  may  also  degrade  FCI  resistance  for  freely  corroding 
steels  in  bacterially  active  electrolytes  with  reduced  near-electrode-surface  alkalinity. 
Mediamsm  for  0ie  SRB  on  Eanronmenud  FCP 

Hydrt^en  environment  embrittlement  (HEE)  is  an  accq>ted  mechanism  to  enhance  FCP 
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in  sleds  exposed  to  many  gaseous  and  electrolytic  environments  near  For  sterile 

aqueous  electrolytes,  atomic  hydrogen  (H)  forms  on  metal  surfiKXs  by  cathodic  reduction  of 
hydrogen  ions  and  water.  That  H  which  does  not  recombine  to  H2  can  enter  the  m^  lattice, 
diffuse  to  the  crack  tip  r^cm,  s^regate  at  microstnK:tural  trap  sites,  and  enhance  fatigue 
damage  as  well  as  crack  growth  rate  by  one  of  several  controversial  mechanisms.  The  H  source 
for  crack  tip  embrittlement  dq)aids  on  environment  chemistry^^;  the  crack  tip  surface  is 
dominant  when  occluded  crack  acidification  occurs  or  whoi  crack  surface  strain  stimulates 
electrochemical  reactions.  H  {Hoduction  on  specin^  surfaces  that  are  boldly  exposed  to  the  bulk 
orvironment  can  be  important  for  aggressive  solutions,  particularly  those  containing  reduced 
sulfur  species,  and  for  prolonged  exposures. 

FCP  rates  are  controlled  by  the  kinetics  of  the  slow  step(s)  in  the  sequence  which 
produces  and  delivers  embrittling  H  to  the  crack  tip  process  zrme^^  An  environmental  factor 
(cathodic  pdarization,  H2S,  decreasing  loading  frequency)  which  increases  H  uptake  to  the  crack 
tip  process  zone  is  likely  to  increase  FCP  rates.  For  example,  H2S  dissolved  in  chloride  solution 
increases  atomic  H  uptate  by  reducing  the  rate  of  atomic  hydrogen  recombination  to  H2  and 
greatly  enhances  rates  of  FCP^’’’^^  Scully  and  Moran  demonstrated  that  this  mechanism 
prcnnotes  H  pmmeation  in  tempered  martensitic  4340  steel,  but  only  for  acids  (pH  3  or  less)^^^ 

SRB  may  affect  both  atomic  H  production  and  uptake  through  metabolic  action‘^^^^ 
SRB  generate  oiergy  by  coupling  the  reduction  of  sulfate  ions  and  the  oxidation  of  a  food  source 
(often  an  organic  molecule  such  as  lactate)^*’^  Bacterial  sulfate  reduction  involves  atomic 
hydrogen  according  to: 


SO4-*  +  8  H  =  >  S-2  +  4  H2O 


[1] 


The  cathodic  d^larization  theory  of  SRB-influenced  corrosion  is  based  on  the  idea  that  bacterial 
utilizatkxiof  H  ranoves  die  cathodic  [noduct  in  the  corrosion  reaction  couple  and  thus  increases 
the  open  drcuit  amosion  rate  of  steel^*^’^^^^  This  effect  lowers  die  amount  of  H  available  to 
enter  die  metal.  Countering  the  potentially  beneficial  effect  of  the  consumption  of  H  in  SRB 
metabolism,  the  producticm  of  sulfide  or  other  m^abc^ites  may  increase  the  uptake  efficiency  of 
H  produced  on  the  occluded  crack  dp  or  boldly  exposed  metal  surfaces.  Watoh  et  al.  have 
shown  that  hydrogen  uptake  into  Pd  and  steel  is  enhanced  in  near-neutral  solutions  containing 
The  net  effect  of  SRB  on  H  production  and  environmental  FCP  deprads  (Hi  the 
relative  stroigths  of  these  individual  processes. 

We  qieculate  that  the  HEE  mechanism  describes  the  deleterious  effect  of  SRB  on  da/dN 
in  HY130  steel.  Increased  atomic  hydrogen  uptake  and  environmoital  cracking  rates  are  caused 
by  the  metabolic  production  of  sulfide  overwhelming  any  beneficial  effect  of  H  consumption  by 
the  bacteria.  In  this  regard,  SRB  play  a  role  that  is  analogous  to  hydrogen  recombination 
poisons^’;  promoting  both  H  uptake  efficioicy  and  brittle  cracking.'  The  observed  intergranular 
FCP  indicates  that  SRB-enhanced  hydrogen  production  faulted  in  increased  H  partitioned  to  trap 
sites  at  prior  austenite  grain  boundaries  within  the  fracture  process  rone,  compared  to  that  from 
stnile  chloride^^.  The  fiactuie  strength  of  the  austenite  grain  boundaries  must  more  strongly 
dqpoid  on  l(Kal  hydrogen  concentration,  compared  to  the  behavior  of  coherent  lath  interfaces, 
in  order  to  rationalize  the  transgranular  to  intergranular  fetiguc  crack  path  transition.  This 

'  Sulfide  does  not  promote  hydrogen  uptake  on  unstrained,  filmed  steel  surfKes  in  noitral  to  alkaline 
airiutions^,  and  therefore  may  not  enhance  da/dN  for  die  cathodic  polarization  case  where  the  crack  tip 
is  alkaline^^.  If  cyclic  plastic  strain  destabilizes  a  crack  tip  surfoce  film,  formed  by  reaction  with  high  pH 
solution,  then  MS'  fnmi  SRB  activity  could  promote  hydrogen  iqitake  at  the  crack  tip. 
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apeculatim  is  uninoven. 

It  is  necessary  to  detamine  if  SRB  directly  act  at  the  crack  tip,  or  on  boldly  exposed 
q)ecinien  surfaces,  or  if  i(»is  from  SRB  metabolism  in  the  bulk  solution  migrate  to  such  locations 
to  enhance  hydrogen  uptake. 

Tnaaiat  FCP  in  tite  SRB  Envimnnient 

The  observation  of  long-term  transient  crack  {m^jagatirm,  for  HY130  steel  only  in  the 
SRB  solution,  raises  important  issues  for  fatigue  in  bio-active  environments.  Here  we  the 
discusnon  by  examining  possible  origins  of  this  phenomaia.  Since  the  SRB  peculation  grew 
during  the  fatigue  experiment  in  the  statically  contained  environment,  da/dN  could  have  increased 
at  constant  AK  over  a  24  hour  period  due  to  increased  concentrations  of  metabolic  sulfur  species. 
The  extent  to  which  a  solution  concentration  transioit  dominated  the  transient  FCP  was  not 
measured.  It  is  difficult  to  maintain  bacterial  solutions  at  constant  activity,  compared  to  typical 
environmental  cracking  nperiments.  Experiments  must  be  develtced  to  characterize  the 
importance  of  biological  environment  chemistry  changes. 

Additional  causes  for  time-dependent  da/dN  at  constant  AK  can  be  assessed  by  diffusion 
calculations  within  the  HEE  framework.  The  effective  diffusivity  of  hydre^en  in  HY130  steel 
(Dh)  is  4  X  10’’  cmVsec^^**,  and  the  diffusivity  of  ions  (D|)  in  the  electrolyte  is  lO"*  cmVsec^^’l 
For  FCP  in  sterile  NaCl  (at  free  corrosion  to  modest  cathodic  polarization),  transient  crack 
propagation  is  not  observed  because  the  elements  of  the  embrittlement  process  are  localized  at 
the  crack  dp.  Crack  solution  transport,  crack  surface  electrochemical  reactions  and  crack  tip 
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process  zone  H  diffusion  ^  are  relatively  fast;  H  diffusion  from  boldly  exposed  surfaces  is  not 
important^'’^’^’^^.  If  SRB  riq)idly  migrate  and  pc^late  the  crack  tip,  then  steady  state  FCP 
should  result,  similar  to  sterile  NaCl.  The  observed  Itmg-term  transioit  suggests  that  the  SRB 
do  not  colonize  surfaces,  presumably  because  the  occluded  crack  solution  is  alkaline  for  chloride 
at  -1000  This  conclusion  is  contingent  on  a  constant  SRB  population. 

HSVS~,  produced  by  bacteria  throughout  the  bulk  solution  and  on  specimen/chamber 
surfaces,  could  cause  a  FCP  transient,  however,  icm  diffusion  times  are  relatively  short.  For 
example,  if  sulfur  species  are  produced  on  or  near  boldly  exposed  notch  surfaces,  one  hour  is 
required  for  diffusion  to  the  tip  of  a  4  mm  deep  fatigue  crack.  Since  ion  migration  and 
convective  mixing  promote  ion  transport  to  the  crack  tip^^^  this  and  shorter  times  are  not 
consistent  with  the  d)served  24  hour  transient  FCP.  Metabolite  diffusion  could  limit  FCP  for 
transport  distances  on  the  order  of  25  mm  or  larger.  Remote  SRB  colony  sites  would  be 
important  if  cathodic  polarization  reduced  SRB  metabolism  on  and  near  the  steel  specimen  due 
to  local  alkalinity.  For  the  current  experiments  with  low  cathodic  current  density  and  buffered 
Postgate  C,  only  solution  within  hundreds  of  microns  of  specimen  surfaces  should  be  sufficiently 
alkaline  to  hinder  SRB  metabolism. 

Finally,  sulfur  metabolites  may  stimulate  H  production  on  boldly  exposed  steel  surfaces 
with  subsequent  diffusion  to  the  crack  tip  process  zone.  From  diffusion  calculations  (footnote 
j),  1 1  hours  are  required  for  H  to  diffuse  through  the  steel  over  a  distance  equal  to  one-half  of 
the  single  edge  crack  specimen  thickness.  This  "lag  time”  for  hydrogen  supply  is  consistent  with 

^  The  disUnce  (x)  for  hydrogen  difliisicHi  from  the  crack  tip  surfKe  to  the  point  of  maximum  stress  within 
the  process  zone  is  of  order  S  pm  (K  =  25  MPa^m,  =  1040  MPa  and  elastic  modulus  (E)  =  200 
Qp^yi.iti.  Hydrogen  will  penetrate  to  a  level  of  95%  of  the  surftce  concentration  in  a  time  (t)  of  0.2 
sectmds  (x  =  2(DHt)''^. 
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the  transient  cracking  response  of  HY130  steel  in  SRB  solution,  but  not  with  the  observed  crack 
profiles.  Similar  crack  front  siuy)es  were  obsmved  for  HY130  in  sterile  NaCl  and  SRB  at  -lOOO 
mV^.  The  mvironmental  fatigue  cracks  did  not  preferentially  advance  near  specimen  surfaces 
compared  to  crack  penetration  at  the  specimen  midplane.  Such  inverse  crack  tuni^Uing  is  likely 
when  boldly  exposed  surface  hydrogen  uptake  is  substantial  relative  to  the  crack  tip^^. 
Additionally,  Austin  and  Walker  report  equal  rates  of  FCP  for  bare  and  painted  hracture 
mechanics  specimens  of  a  C-Mn  steel  loaded  cyclically  in  gaseous  H2S  doped  seawater^‘‘°^  This 
result  suggests  that  sulfide  enhances  crack  tip  H  production,  while  hydrogen  from  boldly  exposed 
specimen  surfaces  is  not  important. 

The  question  of  whether  organic  molecules  from  the  Postgate  medium  adsorb  on  metal 
surfaces  to  hinder  H  production  and  uptake  is  important^'^’^  The  concentration  of  dissolved  HjS 
in  solution  provides  a  means  of  assessing  SRB  activity  and  an  indication  of  HEE  severity.  Media 
cultured  SRB  such  as  Desulfovibrio  vulgaris  produce  on  the  order  of  500  to  2000  ppm  H2S*'®’. 
Thomas  and  coworkers  reported  that  FCP  rates  in  a  C-Mn  steel,  exposed  to  200  and  600  ppm 
H2S  dissolved  from  the  gas,  were  increased  by  factors  of  20  and  100  respectively  compared  to 
da/dN  for  pure  seawater*^’*®*.  These  enhancement  factors  were  only  10  and  15  for  similar  levels 
of  dissolved  H2S,  produced  by  SRB  from  algae  decomposition  in  seawater.  These  results 
indicate  that  the  biological  environment  produced  substantial  sulfide  species,  but  interfered  with 
hydrogen  uptake  compared  to  abiotic  H2S.  The  inhibiting  behavior  of  Postgate  C  is  uncharted. 

CONCLUSIONS 

1.  Sulfate  reducing  bacteria,  Desulfovibrio  mlgaris  in  diluted  Postgate.  C,  greatly  enhance 
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rates  of  fatigue  crack  propagation  and  reduce  fatigue  crack  initiation  life  in  a  martensitic 
alloy  steel  (HY130)  under  cathodic  polarization  (-1000  mV^.  Metabolic  sulfide- 
enhanced  atomic  hydrogen  uptake  and  crack  tip  process  zone  hydrogoi  embrittlement  are 
implicated. 

2.  Transgranular  cracking,  typical  of  fatigue  in  sterile  NaCl  solution,  changes  to 
intergranular  cracking  due  to  the  presence  of  SRB. 

3.  The  severity  of  the  SRB  jffect  on  growth  rates  and  intergranular  cracking  is  paramount 
among  those  variables  which  influence  environmental  fatigue  in  C-Mn  and  alloy  steels. 

4.  The  deleterious  SRB  effects  on  fatigue  crack  propagation,  and  fatigue  crack  initiation,  are 
not  mitigated  by  cathodic  polarization. 

5.  Transient  environmental  FCP  in  the  SRB  solution  is  likely  due  to  time-dependent  bacterial 
growth  and  enhanced  metabolically  reduced  sulfides.  Transient  FCP  at  constant  AK  may 
also  be  due  to  diffusion  of  metabolites  from  the  bulk  to  the  crack  tip  solution,  and 
hydrogen  penetration  from  boldly  exposed  specimen  surfaces.  SRB  may  not  colonize  the 
occluded  alkaline  crack  tip. 

6.  Transient  fatigue  cracking  in  SRB  solutions  can  compromise  life  prediction  based  on 
stress  intensity  similitude. 
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Figure  1  Environmental  cdl  for  fatigue  cracking  experimentation.  ”PD"  indicates  the 
location  of  probes  for  measuring  dectrical  potential  difference  due  to  passage  of 
a  direct  current,  I,  through  the  uncnicked  portion  of  the  q)ecimen. 


CRACK  GROWTH  RATE  (mm/cycle) 


Figure  2 


Fatigue  crack  growth  rate  versus  s^Iied  AK  for  tempered  martensitic  H  Y 1 30  steel 
in  vacuumi"^  mdst  air,  sterile  NaCl  (-1000  mV^J  and  SRB/Postgate  C  at  -1(XX) 
mV^,.  Stress  ratio  and  frequoicy  were  varied  as  shown.  The  arrow  indicates 
transient  crack  growth  at  ccmstant  AK  and  during  the  approach  to  steady  state  in 
the  bacterial  solution. 
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Figure  3 


STRESS  INTENSITY  RANGE  (MPa/m) 


Environmental  FCP  in  C-Mn  and  alloy  steels  exposed  to  sterile  NaCl  and 
bacterially  active  solutions  at  -1000  mV^,  fixed  loading  frequency  (0. 1  Hz),  and 
constant  R  (0.05)^'^ 
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Figure  4  Fatigue  crack  loigth  versus  loading  cycles  for  tempered  martensitic  HY130  steel 
in  SRB/Postgate  C  at  -1000  mV^,  constant  AK  (20.8  MPa/m),  frequency  (0.1 
Hz)  and  stress  ratio  (0. 1). 
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Figure  S  SEM  fractographs  of  high  AK  FCP  in  HY130  exposed  to  sterile  chloride  and  SRB 
solutions,  each  at  -1000  mV^  (AK  =  20.8  MPa/m,  R  =  0.1  and  f  =  0.1  Hz). 
The  crack  growth  directicMi  is  to  bottom  and  the  crack  front  is  parallel 

to  the  horizontal  directicm. 
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Figure  6  Fatigue  crack  initiation  life  (AN  for  1  mm  of  crack  extension  from  a  notch  tip)  as 
a  function  of  environment  for  HY130  steel  at  constant  loading  conditions  (Al^yp 
=  1315  MPa,  R  =  0.1  and  f  =  1  Hz).  The  free  corrosion  result  (-600  mVgcE) 
was  rqwrted  for  similar  martensitic  steels  at  a  frequency  of  0.2 


AQUEOUS  ENVIRONMENT-ENHANCED  CRACK  PROPAGATION  IN 
HIGH  STRENGTH  BETA  TITANIUM  ALLOYS 


Lfaa  M.  Young 
George  A.  Young*  Jr. 

John  R.  Scully 
Richard  P.  Gangloff 


Submitted  for  Publication  in  Metallurgical  Transactions 


AQUEOUS  ENVIRONMENT-ENHANCED  CRACK  PROPAGATION 
IN  HIGH  STRENGTH  BETA  TITANIUM  ALLOYS 

Lisa  M.  Youiig\  George  A  Young,  Jr.^,  John  R.  Scully^  and  Richard  P.  Gangloff’ 

^  General  Electric  Corporate  Research  and  Development 
Schenectady,  NY  12301 

^  Martin  Marietta  Knolls  Atomic  Power  Laboratory 
Schenectady,  NY  12301 

^  Department  of  Materials  Science  and  Engineering 
School  of  Engineering  and  Applied  Science 
University  of  Virginia 
Charlottesville,  VA  22903-2442 


ABSTRACT 

The  environment  assisted  cracking  (EAC)  behavior  of  two  peak  aged  p-titanium 
alloys  was  characterized  by  a  rising-load  fracture  mechanics  method.  STA  Beta- 
2 IS  is  susceptible  to  EAC  under  rising  load  in  neutral  aqueous  3.5%  NaCl  at  25'’C 
and  -600  mVscE,  as  indicated  by  a  reduced  threshold  for  subcritical  crack  growth 
(K^)  and  fully  intergranular  fracture.  In  contrast  the  initiation  toughness  (Kk:i)  of 
STA  Ti-15-3  in  mois:  air  is  lower  than  that  of  Beta-21S  at  similar  high  oys  (1300 
MPa),  but  is  unaffected  by  chloride  and  cracking  is  by  transgranular  microvoiding. 
The  EAC  susceptibility  of  STA  Beta-2  IS  correlates  with  preferential  precipitation 
of  a  colonies  at  p  grain  boundaries,  and/or  with  heterogeneous  planar  slip.  Both 
features,  and  EAC,  are  promoted  by  prolonged  solution  treatment  at  high 
temperature.  Based  on  hydrogen  environment  embrittlement,  crack  tip  H  could 
be  transported  by  planar  slip  bands  to  irreversible  trap  sites  and  stress/strain 
concentrations  at  a-colony  or  p  grain  boundaries.  Chloride  EAC  in  Beta-2  IS  is 
eliminated  by  cathodic  polarization  (-1000  mVscE)  and  by  static  loading  for  times 
which  produce  rising-load  EAC.  The  beneficial  effects  of  cathodic  polarization 
and  slow  crack  tip  strain  rate  could  relate  to  reduced  H  production  at  the 
occluded  crack  tip  for  the  former,  and  to  increased  crack  tip  passive  film  stability 
or  reduced  dislocation  transport  for  the  latter.  STA  p-titanium  alloys  are 
resistant,  but  not  intrinsicaUy  immune  to  chloride  EAC;  thermomechanical 
processing  must  be  controlled  for  cracking  resistance. 
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INTRODUCTION 

Metastable  beta  titanium  alloys  are  being  developed  for  high  performance 
applications  that  require  formability.  hardenability,  fracture  toughness,  and 
aqueous  corrosion  resistance*' The  environment  assisted  cracking  (EAC) 
behavior  of  these  alloys  is  of  particular  importance  for  long  life  components 
stressed  in  aggressive  marine,  oil  or  gas  well,  and  medical  implant 
environments*^’®'.  While  the  stress  corrosion  cracking,  hydrogen  embrittlement 
and  corrosion  fatigue  of  a  and  a/p-titanium  alloys  have  been  extensively 
researched*^"',  EAC  in  modem  p-titanium  alloys  is  relatively  unexplored. 

Solution  treated  and  aged  (STA)  p-titanium  alloys  exhibit  excellent  yield 
strength  (oys)  and  fracture  toughness  (K^),  but  are  susceptible  to  brittle 
environmentally  assisted  cracking  in  ambient  temperature  aqueous  solutions 
containing  halide  ions*'®'.  The  EAC  resistance  is,  however,  apparently  higher  than 
that  of  high  strength  steels  and  a/p-titanium  alloys,  where  the  hexagonal  phase 
is  dominant  and  continuous*'®'.  Early  experiments  utilizing  cracked  fracture 
mechanics  specimens  demonstrated  that  developmental  p-titanium  alloys  (Ti¬ 
ll. 5Mo-6Zr-4.5Sn  and  Ti-13V-l  lCr-3Al;  both  STA)'  and  model  Ti-Mo  compositions 
were  prone  to  EAC  in  NaCl  and  KCl  solutions  at  static  or  quasi-static  load 
threshold  stress  intensities  (K^cc)  as  low  as  1536  of  K,c**’'^  '^'.  EAC  in  these  high 
strength  p-titanium  alloys  progressed  by  both  intergranular  separation  and 
transgranular  cleavage  or  "quasi-cleavage",  depending  on  the  alloy  composition 
and  microstructure*^’"’'^'.  EAC  was  exacerbated  at  intermediate  loading  rates 
(crack  tip  strain  rates),  at  intermediate  applied  electrochemical  potentials  (near 
-600  mVscE)i  and  by  increased  ovs*®’''*''®'. 

Studies  of  EAC  in  modem  STA  p-titanium  alloys,  employing  a  slow  strain 
rate  technique  with  smooth  uniaxially  loaded  tensile  specimens,  generally 
demonstrate  excellent  resistance  to  brittle  cracking  in  aqueous  NaCl  at  25®C  and 
near  free  corrosion  potentials''^  '^  For  example,  high  strength  Ti-3Al-8V-6Cr- 
4Mo-4Zr  (Beta-C™)  was  not  susceptible  to  EAC  in  neutral  chloride,  with  or  without 
cathodic  polarization;  such  conditions  severely  cracked  a/p  Ti-6A1-4V*^®’^''.  Similar 
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All  compositions  are  in  weight  percent. 
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good  EAC  resistance  was  reported  for  STA  Ti-15Mo-3Nb-3Al  (Beta-21S  or 
TlMETAL-21S™y^^',  however,  high  strength  Ti-15V-3Cr-3Al*3Sn  (Ti-15*3)  was 
susceptible  to  brittle  cracking  in  neutral  aqueous  chloride,  but  only  at 
intermediate  loading  rates  and  electrode  potentials‘^^1  (The  average  smooth 
specimen  gauge  strain  rate  for  maximum  susceptibility  to  EAC  was  about  5x10^ 
sec  *  and  the  most  deleterious  electrode  potential  was  -500  mVscE-)  While  immune 
to  cracking  in  neutral  chloride  at  25®C,  EAC  was  produced  in  Beta-C  upon  H2S 
addition  and  with  cathodic  polarization'^^*,  upon  increased  temperature  to  above 
about  150®C'**',  in  an  anhydrous  methanol-chloride  environment'*®',  and  after 
STA'^^'.  Fracture  mechanics  experiments  which  characterize  the  EAC  behavior  of 
modem  p-titanium  alloys  are  limited;  recent  result;?  suggest  that  Ti-15-3  resists 
crack  growth  in  chloride  for  mechanical  and  electrochemical  conditions  that 
embrittle  Ti-6A1-4V'^^'. 

The  objective  of  this  research  is  to  characterize  the  environment  assisted 
crack  propagation  behavior  of  two  high  strength  p-titanium  alloys  in  aqueous 
chloride.  Experiments  are  designed  to  control  the  factors  that  may  exacerbate 
EAC  based  on  studies  of  high  strength  steels  and  a/p-titanium  alloys.  Specific 
factors  include:  (a)  a  fatigue  precrack  and  triaxial  constraint,'^®'  (b)  dynamic  crack 
tip  straining,'^®'  (c)  high  yield  strength,'^^'  (d)  controlled  electrode  potential,'*'*’*®' 
and  (e)  heterogeneous  a/p  microstructures'*®’^*'.  These  results  are  a  necessary  first 
step  to  understand  the  contributions  of  crack  tip  depassivation,  transient 
dissolution  and  hydrogen  uptake  in  the  environmental  cracking  mechanism  of  p- 
titanium  alloys.  Preliminary  data  were  presented  elsewhere'^®'. 

EXPERIMENTAL  PROCEDURE 

Materials 

Two  alloys,  Beta-21S  (Ti-15.4Mo-3.0Nb-2.9Al-0.13  O;  measured  wt96)  and  Ti- 
1 5-3  (Ti-14.9V-3.0Cr-3.2Al-3,6Sn-0.12  O;  measured  wt%),  were  obtained  as  10.2  and 
9.5  mm  thick  hot  cross-rolled  plates,  respectively,  in  a  solution  treated  condition 
(871*C  for  8  hours  and  816®C  for  30  minutes,  respectively).  Oversized  blanks  of 
each  alloy  were  peak  aged  at  538°C  for  8  hours  before  specimen  machining.  (This 
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condition  is  referred  to  as  STA.)  The  resulting  microstructures  are  similar, 
consisting  of  a  large  volume  fraction  of  fine  intragranular  and  grain  boundary  a- 
plate  precipitates  in  a  p  matrix  of  100  pm  diameter  grains  (Fig.  1).  Figures  lb  and 
Ic  suggest  that  a  plates  are  coarser  in  Ti-15-3  compared  to  Beta-2  IS.  While  not 
evident  in  Fig.  1,  these  two  alloys  exhibit  dramatically  different  grain  boundary 
a  precipitation,  as  detailed  in  an  ensuing  section.  X-ray  diffraction  and 
transmission  electron  microscopy  (TEM)  did  not  resolve  the  o  -phase  in  solution 
treated  or  peak  aged  Ti-15-3  or  Beta-2 Athermal  oD-phase  is  not  expected 
to  form  in  highly  ^-stabilized  Ti-15-3  or  Beta-2  IS,  upon  cooling  from  solution 
treatment  temperatures,  and  isothermal  o  should  not  precipitate  prior  to  a 
nucleation  during  subsequent  peak  aging  of  either  alloy  at  the  relatively  high 
temperature  of  538*C*^^‘^®'. 

Uniaxial  tensile  data  are  listed  in  Table  I.  The  strength  of  Ti-15-3  is 
variable,  as  confirmed  by  hardness  (Rockwell  C  scale;  Rc)  and  tensile  yield 
strength  (cys)  measurements,  and  is  generally  less  than  that  of  Beta-2  IS.  Based 
on  the  data  in  Table  I,  and  additional  results'^^’,  the  yield  strength  and  hardness 
of  Beta-2  IS  and  Ti-15-3  are  related  according  to: 

oys  (MPa)  =  -97.93  +  33.67  (R^  (1) 

Equation  1  is  in  excellent  agreement  with  a  correlation  for  tempered  martensitic 
steels*^^. 

Environmental  Cracking 

EAC  resistance  was  characterized  with  a  slowly  rising  load  fracture 
mechanics  method^^^"^^’  applied  to  fully  rotating  single  edge  cracked  specimens 
(initial  crack  length  =  17.8  mm,  thickness  =  5.08  mm,  width  =  38.1  mm).  A 
servohydraulic  machine  was  employed  for  fatigue  precracking  (load  control)  and 
increasing  load  EAC  experiments  (actuator  displacement  control).  Specimens  were 
fatigue  precracked  in  the  aqueous  environment,  involving  a  three  day  exposure, 
and  were  then  subjected  to  rising  load  at  a  constant  actuator  displacement  rate. 

Crack  length  was  determined  by  a  computer-automated  direct  current 
electric  potential  difference  (dcEPD)  method.  Current  polarity  switching  eliminated 
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Table  L*  TensiU  Pn^>erties  of  STA  fi-TltaiUum  AUoys 


Alloy 

Test 

R, 

®YS* 

(MP») 

E 

(OPm) 

n" 

RA*- 

(%) 

Ti-15-3 

1 

35.7 

1030 

94.2 

0.036 

21 

2 

93.3 

0.037 

28 

Ti-15-3 

1 

39.4 

■H 

96.6 

BB 

13 

2 

■■ 

97.7 

14 

Bet8-21S 

1 

44.7 

1420 

102.2 

0.016 

6 

2 

1430 

98.2 

0.015 

0 

Bet8-21S 

1 

43.8 

■a 

0.018 

2 

2 

■SI 

WSm 

0.018 

1 

*  TensUe  specimens  were  machined  from  the  ends  of  broken  fracture  mechanics  spedmens. 
**  n  is  the  exponent  in  the  power-law  relationship  between  true  stress  and  true  plastic  strain 
***  RA  » (Initial  Diameter  •  Diameter  at  Rracture)/  Initial  Diameter. 


thennal  voltages  and  reference  probes  were  used  to  account  for  temperature  and 
small  current  variations  during  long  term  experiments^^^''**’'.  The  applied  current 
was  typically  maintained  at  8.000  ±  0.005  amperes  by  a  constant  current  power 
supply.  Potential  differences,  local  to  the  crack  tip  and  between  200  and  500  pV, 
were  amplified  by  10,000  times  and  input  to  the  data  acquisition  system.  Crack 
length  was  calculated  from  averaged  measured  voltages  through  a  closed  form 
solution  for  the  edge-cracked  geometry  derived  by  Johnson*^®''”*.  Potential 
difference  resolution  was  ±  0.3  pV,  corresponding  to  a  crack  length  resolution  of 
±  5  pm  assuming  imiform  advance  of  the  crack  front.  Applied  stress  intensity  (K) 
was  calculated  from  measured  load  and  crack  length  (a)  with  an  elastic  solution 
for  the  single  edge  crack  geometry**”'.  J-integral  calculations  indicate  that  the 
plastic  contribution  to  is  small  compared  to  Jetoad  ^J^us  small  scale  yielding 
is  maintained  and  elastic  K  analysis  is  sufficient'^®'. 

A  schematic  of  the  EAC  procedure  is  presented  in  Fig.  2.  The  critical  K  for 
the  onset  (initiation)  of  crack  growth  is  defined  by  the  first  change  in  the  slope 
of  the  initially  linear  electrical  potential  versus  load  record,  when  coincident  with 
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the  onset  of  nonlinearity  in  the  load  versus  actuator  displacement  record'^^^^'. 
This  critical  K  is  a  lower  bound  (Kk:i)  of  the  standardized  plane  strain  fracture 
toughness  (Kk;)  for  loading  in  moist  air^^',  and  is  a  time  or  loading  rate  dependent 
threshold  (Kth)  for  cracking  in  aggressive  environments‘^^^^‘.  At  initiation,  the 
crack  growth  increment  (Aa)  is  assumed  to  equal  zero;  subsequent  crack  lengths 
and  Aa  are  calculated  utilizing  dcEPD  values  normalized  with  the  potential  at  the 
known  fatigue  precrack  len  Environmental  effects  on  crack  propagation 

are  indicated  by  the  slope  of  the  K-Aa  data,  and  by  subcritical  crack  growth  rates 
(da/dt)  calculated  from  measured  crack  length  versus  time. 

Experiments  were  conducted  in  either  moist  air  or  neutral  (pH  8)  0.6M  (3.5 
wt96)  NaCl  at  fixed  electrode  potential  and  25*C.  The  central  portion  of  the  edge 
cracked  specimen  was  immersed  in  flowing  (60  ml/min)  chloride  in  a  sealed 
plexiglass  chamber.  Environment  control  was  complete;  no  dissimilar  metal 
contacted  the  specimen,  all  tubing  was  teflon,  and  the  electrolyte  was  argon 
deaerated.  The  specimen  was  maintained  at  constant  electrode  potential  by  a 
Wenking  potentiostat  in  conjimction  with  a  Ag/AgCl  reference  electrode  and  two 
platinum  counter  electrodes  adjacent  to  each  side  of  the  specimen  near  the 
propagating  crack.  Reference  and  counter  electrodes  were  isolated  to  minimize 
solution  contamination.  Electrode  potentials  are  reported  with  respect  to  the 
saturated  calomel  electrode  (mYsci). 

RESULTS 

Moist  Air  Fracture  Toughness  (Kjci) 

Slow  rising  load  experiments  were  performed  at  a  single  actuator 
displacement  rate  of  25.4  pm/min  to  obtain  the  moist  air  fracture  toughnesses 
of  STA  Ti-15-3  and  STA  Beta-2  IS.  As  shown  in  Table  n,  fracture  toughness 
decreases  with  increasing  yield  strength  for  each  alloy;  Beta-2  IS  is  generally 
tougher  than  Ti-15-3  at  fixed  Oys.  K,a  values  in  Table  11  are  for  plane  strain 
constraint,  based  on  ASTM  Standard  E813‘'”‘,  and  are  slightly  less  than  or  equal 
to  K,c  from  ASTM  Standard  E399‘«  '‘5'. 

Fracture  in  moist  air  was  predominantly  transgranular  for  both  STA  Ti-15-3 
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Table  0:  M(rist  Air  Fracture  Toughness  of  STA  fi-Titanium  Alloys* 


Alloy/Test 

oys  (MPa) 

K|q  (MPa^) 

Ti-15-3/#2 

1040” 

79 

Ti-15-3/#l 

1230 

59 

Ti-15-3/#3 

1315 

57 

Beta-21S/#1 

1285” 

77 

Beta-2  lS/#3 

1330 

66 

Beta-21S/#2 

1425 

68 

*  The  grip  displacement  rate  for  all  experiments  was  2S.4  pm/mia 
**  These  values  are  calculated  from  linear  regression  of  yield  strength  versus  hardness  data 

and  Beta’21S,  as  shown  by  the  scanning  electron  microscope  (SEM)  fractographs 
in  Fig.  3.  The  fatigue  crack  is  at  the  top  of  each  fractograph  in  Fig.  3  and  the 
crack  growth  direction  is  ht>m  top  to  bottom,  as  is  the  orientation  of  all  ensuing 
fractographs.  The  fracture  process  zone  associated  with  the  crack  initiation 
toughness  is  on  the  order  of  200  pm.  Higher  magnitication  microscopy  revealed 
predominantly  microvoided  crack  surfaces,  with  intermittent  intergranular 
cracking  and  possible  cleavage  facets  for  each  alloy,  particularly  Beta-2  IS. 
Aqueous  Chloride  Environmental  Cracking  Resistance  (Kth) 

Constant  Displacement  Rate  Experiments  STA  TM5-3  is  resistant  to 
EAC  during  rising  load,  as  shown  by  the  K-Aa  curves  in  Fig.  4.  For  aqueous 
chloride  at  a  fixed  potential  of  -600  mVscE.  l^TH  (at  Aa  equalling  zero)  ranges  from 
61  to  64  MPaVm,  independent  of  actuator  displacement  rates  of  1.3  and  25.4 
pm/min.  NaCl  does  not  decrease  the  crack  initiation  toughness  from  the  moist 
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air  K|q  value  of  59  MPa*^  for  a  TM5-3  hardness  of  Rc  39.4  (oys  1230  MPa  in 
Table  ED,  or  from  Kia  of  66  MPaVm  estimated  for  a  Ti-15-3  hardness  of  R^.  37.7*“’. 
Resistance  to  stable  crack  extension  under  plane  strain  constraint,  given  by  a 
small  but  finite  slope  (dK/dAa),  is  not  influenced  by  the  chloride  solution.  The 
difference  in  the  slope  of  K  versus  Aa  is  larger  for  the  replicate  air  experiments 
compared  to  the  aqueous  environmental  effect.  The  variability  in  the  initiation 
and  growth  resistances  in  Fig.  4  may  be  due  to  either  oys  differences  or  subtle 
uncertainties  in  defining  the  electrical  potential  corresponding  to  crack 
initiation’“'^^’.  Crack  tip  plastic  deformation,  microvoid  damage  and  macrocrack 
growth  can  each  contribute  to  voltage  increases. 

Exposure  to  aqueous  NaCl  did  not  alter  the  microscopic  fracture 
morphology  for  Ti-15-3  compared  to  loading  in  moist  air.  A  typical  scanning 
electron  fractograph  of  the  crack  initiation  region,  adjacent  to  the  fatigue 
precrack,  is  presented  in  Fig.  5  for  Ti-15-3  in  NaCl.  As  for  the  moist  air  case,  the 
crack  surface  is  mainly  populated  by  transgranular  features  indicative  of 
microvoid-based  cracking,  as  confirmed  by  high  magnification  SEM  observations 
(Fig.  5b). 

In  contrast  to  STA  Ti-15-3,  peak  aged  Beta-2  IS  is  embrittled  by  rising  load 
in  aqueous  chloride,  as  shown  by  the  K-Aa  data  in  Fig.  6.  While  K,q  is  high  for 
moist  air  (66  and  68  MPaVm,  Table  D),  K™  ranges  fi'om  39  to  46  MPaVm  for  STA 
Beta-2  IS  in  NaCl  at  -600  mVscE  and  two  constant  actuator  displacement  rates.  The 
macroscopic  crack  growth  resistances  (average  dK/dAa)  are  similar  for  each 
loading  rate  in  NaCl  and  for  each  environment.  The  data  in  Fig.  6  show  that  the 
two  displacement  rates  were  sufficiently  high  to  offset  stress  intensity  reductions 
due  to  increasing  specimen  compliance  and  declining  load  during  environmental 
crack  growth.  Therefore,  the  rising  load  EAC  experiments  were  of  the  increasing- 
K  type. 

Aqueous  NaCl  caused  a  dramatic  fracture  mode  transition  in  STA  Beta-2  IS. 
Compared  to  transgranular  microvoid-based  fracture  for  Beta-2  IS  in  moist  air  (Fig. 
3b),  Fig.  7  shows  that  EAC  in  chloride  is  almost  entirely  intergranular,  with  little 
evidence  of  resolvable  localized  plasticity.  The  initial  stage  of  EAC,  within  25  um 
of  the  fatigue  crack  (top  of  Fig.  7),  involved  some  transgranular  cracking,  similar 
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to  that  observed  for  moist  air,  while  boundary  cracking  initiated  immediately 
adjacent  to  the  fatigue  crack  tip  in  other  grains.  Presumably,  this  distribution  of 
modes  is  related  to  the  location  of  the  fatigue  crack  within  the  various  grains 
along  the  crack  front.  Fatigue  precracking  at  a  loading  frequency  of  5  Hz  and  in 
aqueous  NaCl  did  not  produce  intergranular  cracking'^'.  The  transition  from  a 
transgranular  and  locally  ductile  fracture  mode  to  intergranular  cracking  is 
consistent  with  the  environmental  effect  on  crack  growth  initiation  resistance 
shown  in  Fig.  6. 

It  is  interesting  that  the  macroscopic  crack  paths  and  causal  fracture 
mechanisms  are  markedly  different  for  STA  Beta-2  IS  in  moist  air  and  NaCl, 
however,  dK/dAa  are  similar.  The  resistance  to  stable  tearing  in  benign 
environments  (dK/dAa)  is  determined  by  rate  independent  intrinsic  material 
properties,  including  the  process  zone  fracture  strain  and  material  flow 
properties'**^*.  In  contrast  dK/dAa  during  EAC  is  governed  by  the  rate  of 
environmental  crack  advance,  dependent  on  alloy  cracking  resistance  and 
environment  chemistry,  coupled  with  the  applied  crack  mouth  opening 
displacement  rate  and  specimen  compliance.  Intuitively,  the  crack  growth 
resistance  slope  should  be  less,  or  even  negative,  for  EAC  compared  to  the  typical 
moist  air  R-curve,  and  could  approach  this  latter  value  at  rapid  loading  rates. 
This  difference  may  be  negligible  for  Beta-2  IS  (Fig.  6)  because  crack  growth 
resistance  is  small  for  the  plane  strain  moist  air  case. 

This  study  emphasized  K^  at  the  onset  of  environmental  cracking,  however, 
average  rates  of  intergranular  EAC  (da/dt)  were  estimated.  As  indicated  by  the 
K-Aa  data  in  Fig.  6,  stable  (subcritical)  crack  growth  occurred  in  STA  Beta-2  IS  due 
to  NaCl  exposure  and  at  K  levels  well  below  K^:,  for  moist  air.  For  an  experiment 
at  a  displacement  rate  of  25.4  Mm/min,  intergranular  EAC  initiated  at  a  K^h  of  39 
MPaVm  and  after  1220  seconds  of  steadily  rising  load;  2.0  mm  of  stable  crack 
growth  then  occurred  in  180  seconds,  for  an  average  crack  growth  rate  of  10 
^m/sec.  (K  increased  from  39  to  50  MPaVm  during  this  amount  of  EAC  at 
increasing  load  line  displacement.)  For  the  slower  loading  rate  experiment  in  Fig. 
6.  intergranular  EAC  initiated  at  a  of  46  MPaVm,  after  4.8  hours  of  loading; 
subsequently,  2.0  mm  of  stable  crack  growth  occurred  in  1800  seconds,  for  an 
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average  da/dt  of  1  ^m/sec.  (K  increased  from  46  to  57  MPaVm  during  this 
amount  of  £AC.)  Two  discontinuous  crack  bursts,  each  300  ^m  long,  occurred  at 
K  levels  between  Kth  and  Kk^  for  the  slowest  loading  rate  NaCl  experiment  in  Fig. 
6.  These  burst  distances  and  the  average  da/dt  values  are  based  on  the 
assumption  of  uniform  crack  advance  along  the  crack  front,  as  required  to 
analyze  the  dcEPD  voltages. 

Static  Load  Resutts  Fatigue  precracked  specimens  of  STA  Ti-15-3  and 
STA  Beta-'21S  were  statically  loaded  during  immersion  in  NaCl  at  -600 
These  experiments  were  performed  at  several  constant  K  levels  (35, 45,  55  and  60 
MPaVm)  for  24  hour  intervals,  while  crack  length  was  continuously  monitored  by 
dcEPD.  Crack  growth  rate  resolution  over  a  24  hour  period  was  about  3  x  10*^ 
pm/sec.  This  exposure,  while  short  compared  to  classic  stress  corrosion  cracking 
experiments,  is  longer  than  the  durations  of  the  slow  displacement  rate 
experiments  represented  in  Figs.  4  and  6  which  required  0.5  or  10  hours. 
Additionally,  a  24  hour  hold-time  would  produce  17  meters  of  crack  advance  in 
an  EAC  sensitive  aUoy  such  as  STA  Ti-12Mo-6Zr-3$n  in  aqueous  chloride  at  about  • 
600 

Static  loading  for  24  hours  did  not  generate  resolvable  environmental  crack 
growth  for  either  STA  Ti-1 5-3  or  Beta-21S  in  NaCl.  In  one  instance  NaCl-enhanced 
subcritical  crack  growth  was  produced  in  Beta-2  IS,  but  only  after  94  hours  at  a 
K  level  of  60  MPaVm.  The  average  crack  growth  rate  increased  from  about  10'^ 
pm/sec  to  20  ^m/sec  with  time  and  crack  length  (from  20.2  mm  to  22.2  mm)  at 
this  constant  applied  K. 

Effect  of  Apptted  Electrode  Potential  The  effect  of  applied  electrode 
potential  on  EAC  in  the  STA  Ti-15-3  and  Beta-2  IS/NaCl  systems  was  investigated. 
In  addition  to  -600  mVscEi  potentials  of  -150  mVscE  and  -1000  mVscE  were 
employed  in  coqjunction  with  the  rising  load  method.  The  free  corrosion 
potential  of  these  two  p-titanium  alloys  in  deaerated  neutral  0.6M  NaCl  is  between 
-500  and  -600  mVscE. 

Peak  aged  Ti-15-3  displayed  no  resolvable  susceptibility  to  EAC  in  aqueous 
3.5%  NaCl  at  any  of  the  applied  electrode  potentials  and  a  constant  displacement 
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rate  of  1.3  vun/min.  values  were  as  follows:  66  Ml^Vm  for  -150  mVscE  (Rc 
37.0).  61  MPaVm  for  -600  mVsc£  (Rc  37.9),  and  greater  than  65  MPaVm  for  -1000 
mVsa  (Rc  36.8)^.  Measured  Kk^  equals  between  57  and  59  MPaVm  for  the  Rc  39  to 
40  hardness  of  Ti-15-3  in  moist  air,  Fig.  4.  Estimated  Kki  equals  65  MPa^  for  the 
Rc  37.9  hardness  of  Ti-15-3  and  69  MPaVm  for  the  Rc  36.8  moist  air  case^.  For 
each  electrode  potential,  the  crack  surface  was  transgranular,  typical  of  that 
shown  in  Fig.  5  and  indicative  of  ductile  fracture  without  a  chloride  environmental 
effect. 

Peak  aged  Beta-2  IS  exhibited  EAC  at  -150  mV^cE  (and  -600  mVscE).  but  not 
at  -1000  mVscE.  as  shown  by  the  constant  displacement  rate  (25.4  um/min)  K-Aa 
data  in  Fig.  8.  Although  Kjh  was  significantly  reduced  at  -1 50  mVscE,  crack  growth 
resistance,  dK/dAa,  was  relatively  high.  The  microscopic  fracture  mode  for  the 
-150  mVscE  case,  shown  in  Fig.  9a,  consists  of  intergranular  cracking  joined  by 
limited  ductile  tearing  and  supports  an  environmental  effect.  Some  transgranular 
cracking  was  present  adjacent  to  segments  of  the  fatigue  crack.  These  features 
are  similar  to  those  observed  for  the  Beta'21S  crack  surface  produced  in  NaCl  at 
-600  mVscE  (Fig*  6),  a  condition  which  also  produced  EAC.  In  contrast  NaCl  with 
an  applied  electrode  potential  of  -1000  mV^a  did  not  degrade  fracture 
resistance  relative  to  the  behavior  of  Beta-2  IS  in  moist  air.  for  this  case 
equals  K^i  for  Beta-2  IS  in  moist  air,  and  the  NaCl/cathodic  polarization  cracking 
mechanism  is  based  on  transgranular  microvoid  coalescence  (Fig.  9b)  similar  to 
that  observed  for  moist  air  (Fig.  3b). 

DISCUSSION 

Moist  Air  Fracture  Toughness  of  STA  p-Titanium  Alloys 

The  moist  air  fracture  toughnesses  of  STA  Ti-15-3  (K,a  *  57  to  59  MPaVm 
for  Oys  *  1230  to  1315  MPa;  Table  II)  and  STA  Beta-21S  (K,a  =  66  to  68  MPaVm  for 
Oys  *  1330  to  1425  MPa)  are  comparable  to  values  reported  for  p-titanium  alloys 
at  similar  high  yield  strengths*^®  '**'®*’.  This  result  validates  the  accuracy  of  the 
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A  data  acquisition  system  failure  preempted  the  conclusion  of  the  experiment  at  -1000 
mVscE,  however,  stable  crack  growth  had  not  initiated  at  an  applied  K  of  65  MPaVm 
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rising  load  experiment.  Both  Ti-15-3  and  Beta-21S  cracked  by  microvoid-based 
processes  for  the  moist  air  case,  however,  each  fracture  morphology  is  complex 
because  of  the  underlying  two  phase  microstructure. 

STA  Beta-2  IS  is  tougher  than  Ti-15-3  at  constant  in  spite  of  some  grain 
boundary  participation  in  ductile  fracture.  This  result  is  notable  because  grain 
boundaries  in  the  Beta-2  IS  under  study  were  preferred  nucleation  sites  for 
colonies  of  a  plates,  as  discussed  in  an  ensuing  section.  (A  similar  result  was 
reported  for  Ti-15-3  where  heterogeneous  grain  boundary  a  precipitates  were 
correlated  with  increased  fracture  toughness  compared  to  a  more  homogeneous 
a  microstructure^^^'.)  A  thin  layer  of  grain  boundary  a,  0.1  to  0.2  pm  thick  was 
observed  for  both  STA  Beta-21S  and  STA  Ti-15-3.  Finally,  Beta-21S  may  be  more 
prone  to  localized  planar  slip  than  Ti-15-3^^l  Hanar  slip  and  a  1  to  10  ^m  thick 
grain  boundary  a  "film”  are  reported  to  degrade  due  to  strain  localization  in 
the  soft  a  phase  or  precipitate-free  p  phase,  relative  to  adjacent  a-precipitation 
hardened  p,  as  well  as  due  to  preferred  microvoid  nucleation  at  a/p  interfaces'^*" 
This  is  apparently  not  the  case  for  STA  Beta-2  IS  with  colonies  of  a  at  grain 
boundaries.  Additional  factors  such  as  the  size,  distribution,  and  strengths  of  a 
and  P;  solute  (e.g.,  aluminum  and  oxygen)  partitioning  to  each  phase;  and 
inclusion  content  may  affect  initiation  fracture  toughness. 

Environmental  Cracking  Resistance  of  STA  P-Titanium  Alloys 

The  results  in  Figs.  4,  6  and  8  show  that,  while  STA  Ti-15-3  resists  EAC  in 
aqueous  NaCl,  peak  aged  Beta-2  IS  is  susceptible  to  severe  intergranular 
environmental  cracking  in  chloride  at  electrode  potentials  near  or  anodic  to  the 
free  corrosion  level.  Table  in  compares  the  severity  of  EAC  in  p  and  a/p  titanium 
alloys  to  that  in  quenched  and  tempered  martensitic  alloy  steels,  at  similar 
strength  levels  and  in  aqueous  NaCl  at  about  -600  mVscE-  For  high  Oys  (1300  MPa), 
the  EAC  resistance  of  p  Ti-15-3  is  superior  to  that  of  a  typical  martensitic  steel 
such  as  AISI 4340. 

The  Oys-Kth  properties  of  STA  Ti-15-3  exceed  the  performance  of  mill 
annealed  Ti-8-1-1;  thermomechanical  processing  of  this  and  other  a/p  alloys  will 
not  generally  produce  the  high  strengths  achievable  with  STA  p-titanium  alloys, 
but  can  improve  K^cc  (K^cc  equals  about  60  MPaVm  for  p-treated  or  a/p-treated 
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Table  III:  Fracture  ResbUutce  of  H^h  Stnugtk  TUarUum  AUays  and  Marteusitle  Steeis 


Ti-15.3 

(STA) 

Bota'21S 

(STA) 

Ti-SAl-lMo-lV 
(Mill  Annaaiy^^' 

HY130  Stod 
(Quench/Temper) 

AISI  4340  Steel'”' 
(Quencfa/T  emper) 

Oy,  (MPa) 

1300 

1330 

SSO 

1025 

1350 

K«:OrK,c. 

(Ml^Vm) 

59 

66 

120 

110* 

90  to  100 

Kth  K|jcc 
(MPaVm) 

61  to  64 

39  to  46 

35 

70* 

25 

(12  to  3S) 

*  Measured  by  the  methods  employed  in  this  study,  but  for  3.55ii  NaCl  at  -1000  mVsQ-  Kth 
is  between  70  and  100  MPa>/m  for  HY130  steel  in  chloride  at  -600  mYscE*^^- 


Ti-6A1-4V  in  aqueous  NaCL)  HY130  sterf  is  resistant  to  chloride  EAC,  by  virtue  of 
relatively  low  yield  strength  compared  to  4340^^^^  and  intrinsically  compared  to 
the  a/^  Ti  alloy  at  a  similar  modest  oys  of  about  1000  MPa.  Kth  results  have  not 
been  reported  for  solution  treated,  single  phase  ^titanium  alloys  in  aqueous 
chloride;  since  such  alloys  exhibit  strengths  similar  to  HY130  steel,  high  EAC 
resistance  is  expected  unless  slip  localization^*^^’  or  dynamic  plastic  strain'^^' 
prove  to  be  detrimental. 

Hydrogen  Environment  Embrittlement  Mechanism  Our  working 
hypothesis  is  that  EAC  in  the  STA  p-titanium/25**C  aqueous  chloride  system  is 
caused  by  crack  tip  hydrogen  production,  uptake,  and  process  zone 
embrittlement;  the  so-called  hydrogen  environment  embrittlement  (HEE) 
mechanism*^'*’^^.  For  Ti  alloys,  the  elements  of  HEE  include:  (1)  anodic 
dissolution  of  Ti  and  the  alloying  elements  to  produce  hydrolyzable  cations  which 
lower  the  crack  tip  solution  pH‘®®’”',  (2)  dissolution-coupled  hydrogen  ion  and 
water  reduction  reactions  on  bare  Ti‘“'^*‘,  (3)  transient  crack  tip  repassivation  to 
reduce  cathodic  hydrogen  production  and  to  form  a  barrier  film  to  atomic 
hydrogen  (H)  uptake,  (4)  film  rupture  by  crack  tip  strain,  (5)  H  transport  within 
the  crack  tip  process  zone,  by  bulk  diffusion  and  possibly  grain  boundary 
diffusion  or  dislocation  transport,  (6)  H  partitioning  to  microstnictural  trap  sites, 
and  (7)  process  zone  embrittlement,  possibly  involving  titanium  hydride 
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fonnation  in  either  the  a  or  p  phases,  interface  or  lattice  plane  decohesion,  as  well 
as  localized  plasticity.  Here,  we  quaUtatively  examine  microstructure,  loading  rate 
and  cathodic  polarization  effects  on  NaCl  EAC  of  Beta-2  IS  within  the  framework 
of  HEE 

Effect  of  Microstructure  on  EAC  While  many  ^-titamum 

alloys  resist  EAC,  at  least  in  modestly  aggressive  aqueous  chloride  solutions^^^’^^*, 
it  is  necessary  to  determine  the  conditions  which  promoted  intergranular  cracking 
in  peak  aged  Beta-2  IS. 

Effect  of  Yield  Strength  on  EAC:  STA  Beta-2  IS  was  stronger  than  STA  Ti- 
15-3,  with  Rc  varying  between  41  and  45  for  edge  cracked  specimens  of  the 
former  alloy  (Figs.  6  and  8),  and  between  36  and  38  for  Ti-15-3  (Fig.  4).  While 
decreases  with  increasing  for  martensitic  steels  in  NaCl'^^',  the  data  in  Fig.  6 
suggest  similar  for  Beta-21S  at  hardness  levels  of  41  and  45  (oys  of  1283 
and  1417  MPa  from  Eq.  1).  Solution  treated  (SIS^'C  for  30  minutes)  specimens  of 
Ti-15-3  were  aged  at  510®C  for  14  hours  to  produce  higher  hardness  (R^  41  to  42) 
compared  to  the  standard  (538®C)  8  hour  age.  The  moist  air  Kia  for  higher 
strength  Ti-15-3  equalled  57.1  MPaVm,  while  Ky,,  for  slow  displacement  rate  (25.4 
pm/min)  loading  in  NaCl  (-600  mVscE)  equalled  50.7  MPaVm.  The  corresponding 
fracture  modes  were  transgranular  and  dimpled  for  both  air  and  NaCl,  with  a 
small  amount  of  intergranular  cracking  for  the  latter.  These  results  indicate  that 
the  EAC  resistance  of  Ti-15-3  may  decrease  with  increasing  Oys;  this  trend  should 
be  de^ed  for  very  high  strength  levels.  This  modest  decline  in  with 
increasing  oys  is  not  sufftcient  to  &q>lain  the  sensitivity  of  Beta-2  IS  to 
intergranular  EAC. 

Effect  of  Solution  Treatment  Conditions  on  Microstructure:  The  contrasting 
chloride  EAC  resistance  of  STA  Ti-15-3  versus  the  susceptibility  of  STA  Beta-2  IS 
may  be  traced  to  either  microstructural  or  slip  mode  differences  derived  from 
variations  in  thermo-mechanical  processing  and  solution  heat  treatment.  Optical 
microscopy,  SEM  and  TEM  of  each  alloy  in  the  under^  and  peak  aged  conditions 


Specimens  of  solution  treated  Ti-15-3  and  Beta-21S  were  under  aged  at  538°C  for  1  hour 
to  clarify  the  initial  stage  of  a  precipitation  in  the  otherwise  complex  peak  aged 
microstructures. 
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reveal  extensive  a  precipitation  at  p  grain  boundaries  in  Beta-2  IS,  but  not  in  Ti-1 5- 
3.  This  behavior  is  clearly  detailed  by  the  underaged  microstructures  represented 
in  parts  a  and  c  of  Figs.  10  (optical)  and  11  (SEM).  For  Ti-15-3  (Figs.  10a  and  1  la), 
relatively  homogeneous  a  precipitation  occurs  within  p  grains  after  the  short 
imder  aging  time;  large  a  plates  only  infrequently  nucleate  on  or  adjacent  to  p 
grain  boundaries.  In  contrast  for  imder  aged  Beta-2  IS,  a  large  amount  of  a 
initially  nucleates  on  or  near  ^  grain  boundaries,  and  grows  in  a  colony 
morphology  toward  grain  interiors  (Figs.  10c  and  11c).  Intragranular  a 
precipitation  is  limited  for  under  aged  Beta-2  IS.  While  considerably  more  difficult 
to  discern,  peak  aged  Ti-15-3  exhibits  homogeneously  distributed  a  plates  within 
p  grains,  with  limited  grain  boundary  a  colonies  (Fig.  lb).  In  contrast  STA  Beta- 
2 IS  exhibits  intragranular  a  plates  and  coarse  grain  boundary  a  colonies,  as 
detailed  elsewhere*^®*.  These  peak  aged  microstructures  are  consistent  with  the 
likely  further  evolution  of  the  structures  shown  in  Figs.  10  and  11.  Extensive 
grain  boundary  a  colonies  should  not  form  in  Ti-15-3,  during  longer  time  aging, 
given  the  extensive  intragranular  precipitation  at  short  aging  times. 

Grain  boundary  microstructures  are  amplifred  by  the  TEM  results  in  Fig.  12. 
Beta  grain  boundaries  in  under  aged  Ti-15-3  in  fact  contain  a  0.1  pm  thick  layer 
of  a  (Fig.  12a).  This  boundary  a  does  not  substantially  grow  during  additional 
aging  to  the  peak  strength  condition,  however,  a  plates  separately  nucleate  and 
grow  within  grains  (Fig.  12b).  The  micrograph  in  Fig.  12c  for  peak  aged  Beta-2  IS 
shows  that  an  a  layer  is  present  at  p  grain  boundaries,  analogous  to  Ti-15-3,  and 
suggests  that  colony  a  forms  from  this  grain  boundary  a  layer  in  Beta-2  IS. 
Colony  a  in  Beta-2  IS  is  generally  normal  to  the  p  grain  boundary  (Fig.  12c),  while 
a  plates  near  grain  boundaries  in  Ti-15-3  appear  at  one  or  more  varied  angles 
typical  of  a  crystallographic  relationship  with  the  p  matrix  (Fig.  12b).  The  colony 
morphology  of  a  has  not  been  widely  reported,  however,  there  is  precedent  for 
this  microstructure*^**. 

Homogeneous  intragranular  a  precipitation  in  p-titanium  alloys  is  promoted 
by  several  factors  including  dislocation  sites  typical  of  partial  recovery  and 
recrystallization  during  hot  working  and  solution  treatmeiit,  post-solution 
treatment  cold  work,  a  supersaturation  of  vacancies  quenched  from  solution 
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temperatures,  lower  aging  temperatures,  as  well  as  by  precursor  co  or  p' 
precipitates*^®’^^’^'*’^^’^*  ®®’®^'.  Athermal  and  "isothermal"  w  can  form  in  metastabie  p- 
titanium  alloys  during  cooling  after  solution  treatment*^^’^^^^*,  however,  this  phase 
was  not  observed  by  X-ray  diffraction  and  TEM  of  either  solution  treated  or  ST  A 
Beta-2  IS  and  Ti-15-3.  The  correlation  between  the  somewhat  higher  solution 
treatment  temperature  for  ST  A  Beta-2  IS  and  boundary  a  is  not  consistent  with  a 
simple  argument  based  on  vacancies.  Perhaps  the  quenched  in  vacancy 
concentrations  were  similar  for  Ti-15-3  and  Beta-21S,  aged  at  816®C  and  871®C, 
respectively,  and  cooled  at  unknown  rates.  Additionally,  vacancies  influenced  a 
precipitation  at  low  aging  temperatures,  but  not  at  the  higher  level  (538®C) 
employed  in  the  current  work*®*'. 

The  difference  in  solution  treatment  conditions,  8  hours  at  871“C  for  Beta- 
2  IS  compared  to  30  minutes  at  SIO^C  for  Ti-15-3,  causes  grain  boundary  a-colony 
precipitation  for  the  former  alloy.  To  investigate  this  hypothesis,  as-received  Ti- 
15-3  was  resolutionized  at  1038®C  for  2  hours'^®'  or  at  950®C  for  12  hours'^®'. 
Metallographic  analyses  summarized  in  Figs.  10b  and  11b  reveal  preferential  a- 
colony  precipitation  at  Ti-15-3  grain  boundaries,  for  both  solution  treatments 
followed  by  under  aging,  similar  to  Beta-2  IS.  These  experiments  confirm  the 
importance  of  high  solution  treatment  temperatures  and  longer  times  in 
promoting  grain  boundary  a-colony  precipitation  after  short  aging  times.  This 
effect  can  be  explained  by  heterogeneous  a  nucleation  at  dislocation  substructure 
in  preference  to  grain  boundary  sites.  Higher  solution  treatment  temperatures 
and  longer  times  could  promote  recovery  and  recrystallization.  Sites  for 
heterogeneous  a  nucleation  are  then  limited  to  grain  boundaries;  a  precipitation 
within  grains  is  less  likely  compared  to  the  more  homogeneous  precipitation 
produced  for  a  partially  recovered  and  recrystallized  microstructure.  Once 
intragranular  a  forms,  extensive  grain  boundary  colony  a  precipitation  is  unlikely. 

Effect  of  Solution  Treatment  and  Microstntcture  on  EAC:  The  hypothesized 
importance  of  solution  treatment  condition  on  EAC  resistance  is  supported  by  the 
experimental  observation  that  resolution  treated  and  peak  aged  Ti-15-3  (1038“C 
for  2  hours;  RSTA)  is  susceptible  to  EAC  in  NaCl,  as  demonstrated  in  Figs.  13  and 
14.  The  moist  air  K,ci  for  this  case  is  higher  (74  MPaVm  in  Fig.  13)  than  that  for 
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short-time  low  temperature  STA  Ti-15-3  (57  to  59  MPaVm  in  Fig.  4)  at  constant 
yield  strength  (Rc  39  ±  1).  This  result  parallels  the  higher  moist  air  fracture 
toughness  of  STA  Beta-2  IS,  including  the  point  that  fracture  involved  a  modest 
amount  of  grain  boundary  cracking.  K^h  for  high  temperature  RSTA  Ti-15-3  in 
NaCl  (64  MPaVm)  is  less  than  the  K,a  value  (74  MPaVm),  in  contrast  to  essentially 
equal  Kth  and  K,ci  for  low  temperature  solution  treated  and  peak  aged  Ti-15-3  (Fig. 
4).  As  shown  in  Fig.  14,  EAC  of  RSTA  Ti-15-3  is  more  intergranular  compared  to 
both  transgranular  cracking  of  the  lower  temperature  solution  treatment 
condition  in  NaCl  (Fig.  5),  and  transgranular/intergranular  cracking  of  RSTA  Ti-1 5- 
3  in  air*^®'.  STA  Beta-2  IS  is  more  susceptible  to  EAC  in  NaCl  compared  to  RSTA 
Ti-15-3. 

Intergranular  EAC  in  STA  Beta-21S,  and  to  a  lesser  extent  in  RSTA  Ti-15-3, 
may  be  traced  to  one  or  both  of  two  microstructural  features  which  are  similarly 
produced  by  higher  temperature-long  time  solution  treatment;  that  is,  a 
precipitate  colonies  at  p  grain  boundaries  and  highly  localized  planar  slip.  Given 
the  metallographic  results  in  Figs.  10  through  12,  as  well  as  the  EAC  results  in 
Figs.  13  and  14,  intergranular  EAC  could  be  due  to  grain  boundary  a.  Considering 
grain  boundary  microstrurture,  both  Beta-2  IS  and  Ti-15-3  exhibit  a  similar  0.1  pm 
thick  layer  of  boundary  a  which  could  hydride  due  to  the  low  solubility  of  H  in 
this  phase  relative  to  This  grain  boundary  microstructiu'e  similarity  does 

not  explain  the  observed  difference  in  EAC  resistance.  The  prominent  a  colonies, 
unique  to  grain  boundaries  in  STA  Beta-21S  and  RSTA  Ti-15-3,  could  hydride  and 
promote  EAC,  particularly  if  crack  tip  potential  and  occluded  solution 
acidification  by  hydrolysis  promote  hydrogen  entry.  There  is  no  fractographic 
evidence  that  this  happened.  The  intergranular  facets  shown  in  Fig.  7  seem  to  be 
free  of  the  microscopic  detail  which  would  be  expected  if  EAC  progressed  though 
hydrided  a  colonies.  (One  explanation  for  the  lack  of  hydrided  grain  boundary 
a  could  be  that  this  phase  contains  high  Al,  partitioned  from  the  p  phase. 
Hydriding  is  suppressed  in  Ti-Al  binary  alloys'®^'.) 

Pound  employed  an  electrochemical  technique  to  conclude  that  hydrogen 
is  more  strongly  (irreversibly)  trapped  in  STA  Beta-2  IS  compared  to  reduced  but 
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similar  trapping  in  both  solution  treated  and  STA  He  speculated  that 

hydrogen  was  irreversibly  trapped  at  a/p  interfaces  associated  with  the  a-colony 
microstructure,  and  that  this  hydrogen  localization  explains  the  severe 
intergranular  EAC  in  STA  Beta-2  IS,  but  not  in  STA  Ti-15-3.  It  is  plausible  that  an 
increased  hydrogen  concentration  at  interfaces  which  are  demonstrated  brittle 
crack  paths  (Fig.  7)  can  lead  to  increased  EAC  susceptibility  through  the  HEE 
mechanism^^^’^'*’.  Hydrogen  trapping  at  a/p  interfaces  in  STA  p-titanium  alloys 
could  result  from  misfit  strain,  and  could  depend  on  the  compositions  of  the  a 
and  p  phases  through  changes  in  the  lattice  parameter  of  each*®®’.  Alternately,  a- 
colony  interfaces  could  be  disordered,  particularly  if  not  crystallographically 
related  to  the  p  matrix  or  at  a  plate  ends,  and  hence  irreversible  H  trap  sites'®®'. 
While  it  is  reasonable  to  expect  different  H  trapping  behavior  for  STA  Beta-2  IS 
with  colony  a,  compared  to  Ti-15-3,  the  detailed  interfacial  structures  have  not 
been  defined. 

The  correlation  between  grain  boundary  a-colonies,  H  trapping  and 
intergranular  EAC  susceptibility  in  STA  Beta-2  IS,  RSTA  Ti-15-3,  and  other  p- 
titanium  alloys  is  highly  speculative'®^*®®'.  These  electrochemical  measurements 
do  not  prove  a  dominant  role  of  hydrogen  trapping  in  EAC,  because  trapping  is 
but  one  element  in  a  complex  cracking  process  that  depends  on  a  variety  of  alloy 
and  microstructure-dependent  factors.  The  micromechanical  and  chemical  details 
of  the  HEE  mechanism  are  uncertain'^^*®®'.  It  is  necessary  to  define  the  precise 
crack  path  through  p  grain  boundaries  with  adjacent  a  colonies.  Colony  a  may  be 
hard  and  prone  to  EAC  due  to  partitioned  aluminum  in  ordered  solid  solution,  or 
causing  TijAl  precipitation  analogous  to  a/P  titanium  alloys'"’”*^'.  While  plastic 
deformation  would  localize  in  softer  adjacent  p''’*'^®*,  aluminum  hardened  a  could 
constrain  this  phase  and  promote  high  stresses  normal  to  the  a/p  boundary,  and 
thus  favor  hydrogen  enhanced  decohesion.  It  is  equally  reasonable  to  speculate 
that  EAC  is  dominated  by  locally  intense  planar  slip.  This  view  is  supported  by 
the  observation  that  solution  treated  Beta-2  IS  is  more  susceptible  to 


Pound  studied  specimens  of  Beta-21S  and  Ti-15-3  that  were  provided  from  the  current 
research. 
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embrittlement  by  internally  predissolved  H  compared  to  Ti-15-3,  in  the  absence 
of  any  a  and  associated  hydrogen  trap  sites*”’’*'. 

Young  demonstrated  that  high  temperature-long  time  solution  treated, 
single  phase  Beta-21S  (871®C  for  8  hours)  and  Ti-15-3  (950®C  for  12  hours)  each 
deform  by  intensely  localized  planar  slip'”’”'.  In  contrast  low  temperature-short 
time  solution  treated  Ti-1 5-3  deforms  by  localized  but  significantly  more  irregular 
(wavy)  slip.  While  the  solution  treatment  effect  on  slip  mode  in  single  phase  p  is 
clear,  the  causal  mechanism  and  the  effect  of  a  precipitation  on  this  deformation 
mode  in  STA  alloys  were  not  determined'’®’”'.  It  is  reasonable  to  speculate  that 
slip  is  more  intensely  planar  in  STA  Beta-2  IS  compared  to  the  standard  solution 
treatment  of  STA  Ti-15-3.  Okada  et  al.  report  that  slip  localization  in  the  p  matrix 
of  Ti-15-3  is  enhanced  by  colonies  of  shearable  rine  a  plates  compared  to  slip 
homogenization  from  large  intragranular  a  plates  in  multiple  orientations'®^'.  TEM 
showed  that  intragranular  a  in  low  temperature-short  time  solution  treated  Ti-1 5- 
3  and  Beta-21S  was  similarly  of  the  Burger's  orientation  (viz.,  (1 10)p  //  (0001),^  and 
[1 1 1  Jp  //  (1 1-20U.  This  phase  was  somewhat  larger  in  STA  Ti-15-3,  due  to  earlier 
nucleation  during  peak  aging,  and  could  further  homogenize  slip.  In  contrast 
grain  boundary  a  colonies  could  further  intensify  localized  slip  for  STA  Beta-2  IS 
(and  in  high  temperature  long-time  solution  treated  Ti-15-3)  if  colony  a  plates  are 
crystallographically  aligned  to  favor  easy  passage  of  slip'®^'. 

The  microstructural  factor  which  governs  EAC  in  STA  p-titanium  alloys 
could,  therefore,  be  locally  intense  planar  slip  as  reported  for  a  variety  of 
aluminum'®*'  and  a/p  titanium'^’*’**'  alloys.  Beta  composition,  the  a-colony 
structure,  and  perhaps  high  aluminum  in  this  a  could  favor  localized  slip  which 
would  intersect  p  grain  boundaries.  Such  slip  could  promote  H  transport  from 
the  crack  tip  surface,  H  trapping  at  deformation  induced  interfacial  defects  (e.g., 
microvoids),  and  local  stress/strain  concentration;  all  of  which  could  contribute 
to  increased  HEE'’®'. 

Processing  could  mitigate  chloride  EAC  in  p-titanium  alloys.  Either  cold 
deformation  of  high  temperature-long  time  solution  treated  Beta-2  IS  prior  to 
aging,  or  lower  temperature-short  time  solution  treatment,  should  provide 
intragranular  nucleation  sites  for  a  precipitates  and  perhaps  alter  slip  localization. 


19 

Duplex  temperature  aging  may  uniformly  nucleate  a  on  precursor  <a  or  p'  sites  and 
reduce  the  likelihood  of  grain  boundary  a  colonies*^®'.  STA  p-titanium  alloys  with 
homogeneously  distributed  a  precipitates  should  be  more  resistant  to  EAC,  at 
least  in  modestly  aggressive  aqueous  chloride  environments. 

Effect  of  Loading  Rate  on  EAC  At  issue  is  why  NaCl  EAC  in  STA  Beta- 
2 IS  was  not  produced  during  constant  load  exposures  for  times  that  were  an 
order  of  magnitude  longer  than  those  which  produced  intergranular 
embrittlement  during  rising  load.  As  reported  for  several  a/p  and  p-titanium 
alloys  including  Ti-15-3,  aqueous  EAC  is  maximized  at  intermediate  loading  rates 
for  both  smooth  uniaxial  tensile  specimens^*^'  and  precracked  fracture  mechanics 
specimens^®'^®'.^  The  lack  of  resolvable  EAC  during  constant  load  exposures  of 
STA  Beta-2  IS  and  Ti-15-3  is  consistent  with  this  trend.  For  a  stationary  crack,  the 
tip  strain  rate  at  constant  load  is  determined  by  the  process  zone  creep  rate  ani^ 
is  probably  orders  of  magnitude  slower  than  the  crack  tip  strain  rates  typical  of 
the  rising  load  experiments  which  produced  intergranular  EAC,  Figs.  6  and  8'^®'. 

Average  crack  growth  rates  for  peak  aged  Beta-2  IS  in  NaCl  increase  with 
increasing  loading  rate  at  stress  intensities  below  Kja*  Since  absolute  Kth  levels 
were  similar  for  the  two  loading  rates  represented  in  Fig.  6,  a  20-fold  increase  in 
crack  tip  strain  rate  at  any  location  within  the  crack  tip  process  zone  resulted  in 
a  10-fold  increase  in  da/dt  estimated  from  electrical  potential  measurements  of 
crack  length.  This  behavior  is  intrinsic  to  EAC  in  Beta-2  IS.®  Since  stress  intensity 
did  not  decline  during  EAC  extension  at  either  rate  (Fig.  6),  there  is  no 
macroscopic  driving  force  or  compliance-based  explanation  for  the  reduction  in 
da/dt  with  decreasing  loading  rate  or  crack  tip  strain  rate. 

Reduced  da/dt  and  increased  Kjh  with  decreasing  strain  rate  are  predicted 
by  crack  tip  film  rupture  and  anodic  dissolution  modeling  of  EAC'®^'.  The  amount 


Analogous  behavior  is  not  observed  for  ail  a/p  titanium  alloys.  Severe  aqueous  chloride 
EAC,  with  K,scc  well  below  K,c,  was  produced  by  static  loading'^^  *^'.  was  claimed  to  be 

minimized  at  intermediate  loading  rates,  however,  only  a  modest  range  of  strain  rates  was 
investigated  and  constant  load  experiments  were  not  conducted*^. 

Average  crack  growth  rates  during  stable  tearing  in  a  benign  environment  increase  in  direct 
proportion  to  the  imposed  load  line  displacement  rate^^^'.  This  behavior  only  occurs  at 
applied  K  levels  above  K,c  and  is  not  relevant  to  subcritical  EAC. 
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of  dissolution  charge  passed  per  unit  time,  and  da/dt,  decrease  as  the  frequency 
of  rupture  events  decreases  due  to  decreased  crack  tip  strain  rate.  Alternately, 
this  strain  rate  effect  can  be  qualitatively  explained  based  on  H£E  Hydrogen 
production,  uptake  and  embrittlement  could  be  severe  at  crack  tip  strain  rates 
which  balance  surface  passive  film  destabilization,  or  rupture  (promoted  by 
increased  loading  rate),  the  time  necessary  for  H  diffusion  into  the  crack  tip 
process  zone  (prcnnoted  by  decreased  loading  rate),  and  dislocation  transport  of 
H  to  the  crack  tip  region  (promoted  by  increased  loading  rate  up  to  a  critical 
dislocation  velocity)*^'.  Static  loading  may  not  provide  the  strain  rate  and 
accumulated  strain  necessary  to  mechanically  destabilize  or  rupture  the  crack  tip 
passive  film;  this  film  could  hinder  H  production  and/or  uptake‘s'.  Alternately, 
static  load  strain  rates  may  hinder  dislocation  motion  to  transport  H  from  the 
crack  tip  surface  to  trap  sites  within  the  process  zone,  for  example  at  p  grain 
boundaries  and  a  colonies.  The  displacement  rates  represented  in  Figs.  6  and  8 
provide  the  balance  between  film  destabilization,  H  diffusion,  and  dislocation 
transport  of  H  for  severe  intergranular  EAC  in  the  Beta-21  S/aqueous  NaCl  system. 
The  relative  contributions  of  each  factor  remain  to  be  established,  as  does  the 
extent  of  EAC  at  higher  loading  rates  where  H  diffusion,  dislocation  transport  of 
H  and  perhaps  electrochemical  reaction.  Jiay  be  precluded. 

The  limited  observation  of  crack  bursting  for  Beta-2  IS  in  NaCl  is  consistent 
with  discontinuous  HEE,  however,  bursting  must  be  systematically  characterized. 

Effect  of  Electrode  Potential  on  EAC  That  intergranular  NaCl  EAC  in 
STA  Beta-2  IS  is  mitigated  by  cathodic  polarization  (Fig.  9)  is  explainable  based  on 
HEE,  provided  that  local  electrochemical  conditions  near  the  crack  tip  are 
considered.  HEE  in  the  ferritic  steel/NaCl  system  is  promoted  at  anodic 
potentials,  where  enhanced  dissolution  promotes  hydrolytic  acidification  and  H 
production  at  the  occluded  crack  tip,  as  well  as  at  cathodic  potentials  where  H 
production  increases  due  to  increasingly  rapid  water  reduction  kinetics*^®’^®'. 

The  situation  is  different  for  ^titanium  alloys  in  aqueous  chloride. 
Hydrolysis,  substantial  IR-based  crack  tip  potential  differences,  and  consequently 
enhanced  proton  reduction,  enable  H  production  and  uptake  at  free  corrosion  and 
anodic  potentials.  A  crack  tip  passive  film  forms  and  is  periodically  ruptured  by 
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crack  tip  strain;  the  potential  of  the  bare  metal  is  significantly  cathodic  (e.g., 
-1600  mVscE)  to  the  free  corrosion  potential^^®'.  Mth  increasing  cathodic 
polarization,  acidification  is  reduced  and  the  crack  tip  solution  becomes  alkaline 
due  to  increased  water  reduction  producing  hydroxyl  ions.  Recent  experiments 
with  scratched  electrodes  of  ^titanium  alloys  in  simulated  crack  solutions  show 
that  current  versus  time  behavior  and  repassivation  rates  are  similar  for  pH  1 
conditions  (approximating  solution  at  the  crack  tip  at  free  corrosion).  pH  8  (a 
lower  bound  simulating  the  crack  tip  during  cathodic  polarization  at  -1000  mVs(^, 
and  pH  10  solution*^'.  Critically,  however,  the  rates  of  cathodic  H  production  are 
several  orders  of  magnitude  lower  for  the  alkaline  cases,  at  a  potential  of  -1600 
iitVscE.  which  simulates  the  mechanically  bared  crack  tip. 

We  speculate  that  Kth  for  NaCl  EAC  in  STA  Beta-2  IS  is  low  at  -600  mVscE 
because  of  substantial  H  production  and  uptake  from  add  solution  at  the  crack 
tip,  analogous  to  the  steel  case.  Kth  increases  to  equal  with  increasing 
cathodic  polarization  because  H  production  is  greatly  reduced  for  bare  titanium 
in  alkaline  crack  solution,  in  contrast  to  the  steel  case. 

CONCLUSIONS 

1.  Peak  aged  Beta-2  IS  is  susceptible  to  environment  assisted  cracking  (EAC) 
in  aqueous  NaCl  at  -600  mV^cE  when  subjected  to  rising  stress  intensity. 
The  threshold  to  initiate  subcritical  crack  propagation  (Kth  ^  39  to  46 
MPaVm)  is  significantly  reduced  compared  to  the  plane  strain  h*acture 
toughness  of  66  MPaVm,  and  environmental  crack  propagation  is  fully 
intergranular  for  STA  Beta-2  IS  in  chloride  compared  to  microvoid-based  for 
moist  air. 

2.  The  crack  initiation  fracture  toughness  (57  to  64  MPaVm)  and  transgranular 
microvoid  fracture  processes  for  STA  Ti-15-3  are  unaffected  by  aqueous 
chloride  exposure  for  several  slow  loading  rates  and  applied  electrode 
potentials.  Intergranular  EAC  in  peak  aged  Ti-15-3  is  promoted  by 
increased  solution  treatment  temperature  and/or  time. 

3.  Intergranular  EAC  in  STA  Beta-21S  and  RSTA  Ti-15-3  correlates  with  the 
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preseiic«  of  preferentially  precipitated  a-colonies  at  p  grain  boundaries 
and/or  highly  localized  planar  slip;  both  features  are  promoted  in  each 
alloy  by  high  temperature-long  time  solution  treatment.  The  relative 
importance  of  boundary  a-colonies  and  planar  slip  is  not  established, 
however,  hydrogen  trapping  at  a/p  interfaces  coupled  with  stress  and  strain 
localization  near  p  grain  boundaries  may  be  important. 

4.  EAC  in  STA  Beta-21S  is  eliminated  by  applied  cathodic  polarization  at  -1000 
mVscE:  and  occurs,  but  is  not  exacerbated  during  anodic  polarization  at 
-150  mVsd. 

5.  EAC  in  peak  aged  Beta-2  IS  is  not  produced  during  static  loading  for  times 
similar  to  the  deleterious  rising  load  case,  and  average  subcritical  EAC 
growth  rates  decrease  with  decreasing  crack  tip  strain  rate. 

6.  EAC  in  STA  Beta-2  IS  may  proceed  by  hydrogen  environment  embrittlement. 
The  beneficial  effects  of  cathodic  polarization  and  slow  crack  tip  strain 
rates  are  speculatively  traced  to  reduced  hydrogen  production  and  entry  at 
the  occluded  crack  tip  for  the  former,  and  to  increased  crack  tip  passive 
fflm  stability  or  reduced  dislocation  transport  of  hydrogen  for  the  latter. 

7.  The  2S**C  chloride  EAC  resistance  of  STA  p-titanium  aUoys  can  be  superior 
to  that  of  quenched  and  tempered  martensitic  steels  at  similar  high 
strengths,  certainly  for  cathodic  polarization  and  short  term  static  loading. 
Beta  titanium  alloys  are  not,  however,  intrinsically  immune  to  chloride  EAC; 
thermomechanical  processing  must  be  controlled  for  cracking  resistance. 
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Figure  1  (a)  Optical  micrograph  of  as-received  solution  treated  Beta-2  IS,  and 

scanning  electron  micrographs  of  solution  treated  and  peak  aged 
(STA):  (b)  Ti-15-3  and  (c)  Beta-21S. 
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Figure  2  The  rising  load  EAC  experimental  method,  (K^  is  defined  at  zero  crack 
extension,  while  stable  crack  growth  is  characterized  by  dK/dAa  and  by 
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Figure  3  Scanning  electron  firactographs  for:  (a)  STA  Ti-16-3  in  moist  air  and  (b) 
STA  Beta-21S  in  moist  air.  The  fatigue  crack  is  at  the  top  of  each 
image  and  the  crack  grew  from  top  to  bottom. 
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K-Aa  data  for  STA  Ti-16-3  in  air  and  3.5%  NaCl  (-600  diVsce)  at  two 
fixed  actuator  displacement  rates.  Hardness  values  (R^)  for  each 
specimen  are  given  in  the  legend. 
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Figure  6  Scaiming  electron  fractographs  for  STA  Ti-15-3  in  3.6%  NaCl  (-600 
mVgcE  and  26.4  pm/min)  at;  (a)  low  magnification  showing  the  fatigue 
precrack  (top)  and  initial  cracldng  in  the  aqueous  solution  and  (b)  high 
magnification  showing  microvoids. 
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Figure  6  K-Aa  for  STA  Beta*21S  in  air  and  3.6%  NaCl  (-600  hiVsce)  at  two 
loading  rates.  Hardness  values  (R,)  for  each  specimen  are  in  the  legend. 
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Figure  8  Effect  of  electrode  potential  on  K-Aa  for  STA  Beta-2  IS  in  3.5%  NaCl  at 

a  constant  displacement  rate  of  25.4  pm/min.  Hardness  values  (RJ  for 
each  specimen  are  provided  in  the  legend. 
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Figure  9  SEM  fractographs  of  STA  6eta-21S  in  NaCl  at:  (a)  -160  mVscE  and  (b) 

-1000  V0^SCB‘ 
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Figure  10  Optical  micrographs  of  underaged  (1  hour  at  538*0:  (a)  as  received 
solution  treated  (816®C  for  0.5  hours)  Ti-15-3,  (b)  resolution  treated 
(950®C  for  12  hours)  Ti-15-3,  and  (c)  as  received  solution  treated  (871*C 
for  8  hours)  Beta-2  IS. 


Figure  11  Scanning  electron  micrographs  of  underaged  (1  hour  at  538°C):  (a)  as 
received  solution  treated  (816®C  for  0.5  hours)  Ti-15-3,  (b)  resolution 
treated  (1038°C  for  2  hours)  Ti-15-3,  and  (c)  as  received  solution  treated 
(871°C  for  8  hours)  Beta-21S. 
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Figure  12  Transmission  electron  micrographs  of:  (a)  underaged  (1  hour  at  538°C) 
Ti-15-3,  (b)  peak  aged  (8  hours  at  538‘’C)  Ti-15-3,  and  (c)  peak  aged  (8 
hours  at  538°C)  Beta-2  IS;  all  beginning  with  the  as  received  solution 
treatments. 
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Figure  13  K-Aa  for  resolution  treated  (1038*’C  for  2  hours)  and  peak  aged  (8  hours 
at  538®C)  Ti-16-3  in  moist  air  and  NaCl  (-600  mVscE)t  for  a  single 
displacement  rate  of  25.4  pm/min. 


Figure  14  SEM  fractograph  of  resolution  treated  and  peak  aged  Ti-15-3  in  NaCl  at 
-600  mVscg  and  a  displacement  rate  of  25.4  pm/min. 
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ABSTRACT 

The  effects  of  electrodiemically  introduced  Itydrogen  on  the  room  tenqperature  mechanical 
properties  of  two  B  titanium  alloys,  Tl-lSV-3Cr-3Al-3Sn  and  ll-15Mo-3Nl>3Al  are  conqiared. 
Solution  beat  treated  (SHI),  peak  aged  (PA),  and  diq>lex  aged  (DA)  conditions  are  investigated 
using  notched  tensile  bars  smd  Bridgman’s  analysis  of  longitudinal  stress  and  average  effective 
plastic  strain.  'n-lSMo-3Nb-3Al  is  more  susceptible  to  Itydrogen  embrittlement  than  Tl-15V-3Cr- 
3Al-3Sn  based  on  reductions  in  longitudinal  stress,  plastic  strain,  and  changes  in  fracture  mode  at 
Itydrogen  concentrations  above  1000  wt  ppm.  Hydriding  of  the  a  and  6  phases  was  not  observed 
over  the  range  of  Itydrogen  concentrations  investigated.  Instead,  dianges  in  fracture  paths  with 
hydrogen  are  correlated  with  deformation  behavior  and  a  precipitation.  The  susceptibility  of  Tl- 
lSMo-3Nb-3Al  is  attributed  to  a  high  temperature,  long  time  solution  treatment  whidi  affects 
deformation  behavior  in  the  SHT  condition  and  promotes  grain  boundary  a  precipitation  in  the  PA 
condition.  The  high  temperature  solution  treatment  removes  a  imdeation  sites  from  grain  interiors 
and  promotes  planar  sl^.  Subsequent  a  precipitation  occurs  preferentially  on  fi  grain  boundaries 
and,  lastly,  in  grain  interiors  resulting  in  fine  intragramilar  precipitates.  It  is  hypothesized  that  fine 
intragranular  a  plates  as  well  as  aligned  boundary  a  colonies  are  readily  shear^  and  also  promote 
planar  slip  in  ^e  PA  condition.  In  contrast,  a  lower  temperature,  shorter  duration  solution 
treatment  for  Tl-lSV-3Cr-3Al-3Sn  results  in  wavy  slip  and  more  homogeneous,  slightly  coarser  a 
precipitates  upon  aging,  which  may  be  less  prone  to  slip  localization  by  dislocation  shearing. 
Localized  plariar  slip  and  grain  boundary  a  colonies  are  believed  to  promote  both  internal  hydrogen 
errd>rittlement  and  aqueous  environmentally  assisted  cracking. 
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INTRODUCTION 

Modem  fi  titanium  alloys  are  candidates  for  room  temperature  marine  and  aerospace 
applications  due  to  their  excellent  strength,  toughness,  formability,  and  resistance  to  general  and 
crevice  corrosion^'^.  Although  the  stress  corrosion  resistance  (SCC)  of  a  and  a  +  &  titanium  alloys 
is  well  characterized,  the  environmental  cracking  resistance  of  aged  B  titanium  allc^  is  less  well 
reported  in  the  literature^^.  B>titanium  alloys  (li-ll^Mo-dZr'4JSn,  Tl-13V-llCr-3Al,  and  binary 
Tl-Mo  compositions)  are  susceptible  to  stress  corrosion  cracking  in  ambient  tenperature  neutral 
halide  containing  solutions  in  fracture  mechanics  expeiiments^’’’^*'^.  Fracture  occurs  both 
intergranularly  and  by  {100}  deavage^. 

SCC  suscratibility  is  found  to  be  a  strong  function  of  electrochemical  potential  and  increasing 
yield  strength^'*^  However,  the  potential  dependency  observed  for  SCC  of  B-titanium  differs  from 
that  observed  for  bcc  ferrous  aUoys  long  known  to  be  prone  to  l^drogen  embrittlement  craddng 
in  halide  containing  aqueous  environments.  Spec  ‘ically,  cracking  is  exacerbated  at  a  potentials  near 
-600  mV  vs.  SCE  for  B-titanium  alloys^'”^.  Craddng  also  occurs  at  more  positive  potentials  but  is 
not  observed  at  potentials  more  negative  than  spproximately  -1000  In  contrast,  a  different 

trend  is  observed  in  the  case  of  steels  of  similar  yield  strengths.  Greater  susceptibility  is  observed 
at  increasingiv  negative  potentials  relative  to  -600  mV  vs.  SCE  as  well  as  at  more  positive 
potendals^^^"^^.  In  fact,  the  minimum  in  susceptibility  occurs  in  the  range  of  approximatety  -SOO  to  - 
700  mV  vs.  SCE  in  neutral  halide  containing  solutions.  The  increasing  susceptibility  trend  with 
cathodic  polarization  in  the  case  of  steel  occurs  due  to  the  strong  correlation  between 
embrittlement  susceptibility  and  fracture  process  zone  hydrogen  concentration  which  depends,  in 
turn,  on  the  supply  of  hydrogen  from  the  reduction  of  water  reaction^^^.  The  anodic  trend  is 
attributed  to  ferrous  and  ferric  ion  Itydrolysis,  local  addification,  enhanced  hydrogen  production 
and  its  absorption  from  the  environment  established  at  occluded  sites^”\  In  the  case  of  B-titanium, 
different  controlling  electrochemical  parameters  may  allow  hydrogen  production  and  entry  to  occur 
within  the  -SOO  to  -700  mV  potential  range,  or  entirely  different  mechanisms  govern  aqueous  room 
temperature  SCC 

Based  on  the  observed  lack  of  SCC  susceptibility  at  -1000  mV,  the  ability  of  titanium’s  compact 
surface  oxide  film  to  limit  hydrogen  entiy^\  its  rapid  repassivation  rate^^^^'’^,  and  the  high  hydrogen 
solubility  of  the  beta  matrix^^*^,  hydrogen  may  be  prematurely  dismissed  as  an  unlikely  embrittling 
agent  for  B-titanium  alloys.  However,  the  role  of  hydrogen  in  the  room  temperature  aqueous  SCC 
of  B-titanium  alloys  at  potentials  near  -600  mV  SC^  should  be  examined  more  thoroughly  for  the 
following  reasons.  Hydrogen  production  is  thermodynamically  assured  at  the  transiently  bare  crack 
tip  in  the  case  of  T1  due  to  the  negative  equilibrium  potentials  associated  with  the  H/Ti'’^  and 
oxidation  reactions  (e.g.  -1.87  and  -121  V  vs.  SCE  at  1  M  and  1  M 
concentrations,  respectively)^^^  and  the  likelihood  of  significant  IR-based  voltage  differences 
between  transiently  bare  cracks  and  external  surfaces^^^^  Tl'^^  cations  are  hydrolyzable;  a  pH  <  13 
has  been  reported  at  pit  sites  while  a  pH  as  low  as  zero  is  measured  when  dissolving  TiCls  under 
deaerated  conditions  simulating  an  o<^uded  crack^*^^*^.  Moreover,  hydrogen  transport  rates  in 
B-titanium  (e.g.  -l-8xl(7^  cmVsec  at  25®C)  are  similar  to  that  of  bcc  steels^*'®^  and,  consequently, 
are  not  expected  to  limit  fracture  process  zone  hydrogen  accumulation  in  monotonic  loading 
experiments  at  slow  strain  rate.  Finally,  hydrogen  embrittlement  susceptibility  is  well  established 


3 


for  high  strength  bcc  materials  particularly  as  yield  strength  is  increased^'^.  For  these  reasons, 
internal  hydrogen  should  be  examined  as  a  possible  contributor  to  room  temperature  aqueous  SCX^ 
phenomena. 

To  date,  however,  the  relative  importance  of  internal  hydrogen  as  either  a  contributor  or  the 
root  cause  of  room  temperature  aqueous  embrittlement  of  6-titanium  alloys  has  not  been 
unambiguously  distinguished  from  aqueous  dissolution.  Qearly,  both  binary  beta  titanium  alloys  as 
well  as  early  developmental  6  alloys  (ll-13V-llCr-3Al)  can  be  susceptible  to  hydrogen 
embrittlement  Shih  and  Bimbaum  have  shown  that  the  solution  treated  beta  alloy  Ti-30Mo  is 
extrinsically  embrittled  through  the  formation  of  the  fee  6  hydride  containing  66  at%  hydrogen^\ 
Solution  treated  beta  alloys  are  also  intrinsically  embrittled  by  ^drogen  at  bulk  concentrations  well 
below  that  required  to  produce  hydriding  of  Ae  6  matrix^^^'^.  Gerberich,  et  al.,  have  shown  a 
continuous  decrease  in  the  fracture  stress  of  solution  annealed  Ti-30Mo  containing  20-1800  ppm 
by  weight  of  hydrogen  without  the  formation  of  a  hydride^^.  Nakasa  and  co-workers  studied  H- 
13V-llCr-3Al  and  found  a  decrease  in  bending  strength  for  both  the  solution  annealed  and  peak- 
aged  conditions,  again  without  detection  of  hydriding  in  either  the  a  or  6  phases  at  hydrogen 
concentrations  up  to  15,000  wt  ppm^\  A  {100}  cleavage  plane  was  identified  on  flat  fracture 
surfaces  in  both  the  solution  anneided  and  aged  conditions.  The  fet  e  hydride  was  detected  under 
extreme  autoclave  conditions  at  hydrogen  concentrations  of  the  order  of  40,000  ppm^^\  Hydrogen 
was  also  implicated  in  the  aqueous  cracking  of  aged  6-titanium  alloy  Beta-C  (Ti-3Al-8V-60-4Mo- 
4Zry”\  In  this  study,  embrittlement  was  only  observed  when  pre-cracked  specimens  were 
cathodically  polarized  in  H2S  containing  acidified  chloride  solutions.  Previous  studies  of  a-6  and 
metastable  6-titanium  alloys  in  aqueous  solutions  also  attribute  environmental  cracking  to  a 
hydrogen  enviromnent  assisted  cracking  mechanism^**’“^*\  Coincidentally,  a  {100}  cleavage 
plane^^  as  well  as  intergranular  separation^’**^  are  observed.  Factors  supporting  a  time  dependent 
hydrogen  embrittlement  phenomena  for  7i-lSMo-3Nb-3Al  in  aqueous  solutions  include  (a) 
electrochemical  conditions  at  the  crack  tip  which  favor  hydrogen  production,  (b)  a  loading  rate 
dependency,  (c)  and  discontinuous  crack  bursts^^*\ 

This  paper  seeks  to  define  the  effects  of  a  broad  range  of  internal  hydrogen  concentrations  on 
the  room  temperature  mechanical  properties  of  solution  annealed,  peak  aged,  and  duplex  aged  beta 
titanium  alloys  Ti-15Mo-3Nb-3Al  and  lSV-3Cr-3Al-3Sn  and  to  correlate  hydrogen  assisted  cracking 
to  observed  aqueous,  environmentally  assisted  crackingf^^\  Here,  electrochemical  pre-charging  of 
aged  or  solution  heat  treated  material  is  conducted  near  ambient  temperature  to  avoid  the 
complications  of  hydrogen  induced  6  phase  stabilization  common  to  high  temperature  gaseous 
charging  studies^^^^  Mechanical  testing  of  pre-charged  specimens  is  performed  in  air,  to  decouple 
hydrogen  effects  from  other  aqueous  embrittlement  mechanisms  which  may  complicate  in-situ  SCX^ 
studies.  The  strong  permeation  barrier  provided  by  the  titanium  oxide  is  exploited  to  minimize 
outgassing  of  precharged  hydrogen  during  the  duration  of  these  tests.  Embrittlement  is  quantified 
as  a  function  of  maximum  longitudinal  stress,  plastic  strain  at  maximum  load,  and  total  hydrogen 
concentration.  Hydriding  of  the  a  and  6  phases  is  investigated  through  x-ray  dif^ction. 
Metallographic,  plastic  deformation  mode  and  fractographic  features  are  correlated  with  mechanical 
property  data  and  likely  fracture  scenarios  are  discussed. 
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EXPERIMENTAL 


MetaUurgy 

Cross  rolled  plates,  nominally  10  mm  thick,  of  Tl>15V-3Cr-3Sn-3Al  (referred  to  as  15*3)  and 
Ti-15Mo-3Nb*3Al  (referred  to  as  21S)  were  received  in  the  solution  annealed  condition.  The  H- 
15V-3Cr-3Sn-3Al  alloy  was  solution  heat  treated  (SHT)  at  816*X^  for  03  h  while  the  Tl-15Mo-3Nb‘ 
3A1  alloy  was  SHT  at  871**C  for  8  h  (Table  1).  Average  grain  sizes  of  90  and  100  nm  were 
determined  for  15*3  and  21S,  respectively.  Solution  annealed  (SHT),  single  step  peak  aged  (PA), 
and  duplex  aged  (DA)  heat  treatments  were  investigated.  £>uplex  aging  was  performed  in  an 
attempt  to  promote  a  finer,  more  homogenous  a  distribution  and  avoid  preferential  precipitation 
on  fi  grain  Imundaries^.  Preferential  a  precipitation  has  previously  been  associated  with  inaeased 
susceptibility  to  stress  conosion  cracking,  hydrogen  embrittlement,  and  intergranular  craddng^^^ 
Table  1  details  the  heat  treatments  and  corresponding  hardness  of  eadi  condition.  Air  tensile 
properties  are  reported  elsewhere^*^.  Both  PA  and  DA  21S  exhibited  preferential  nudeation  of 
a  plates  at  B  grain  boundaries  while  a  plates  nudeated  intragranularly  in  both  PA  and  DA  15*3. 
This  difference  in  nudeation  behavior  is  identified  metallogrs4)hically  after  a  one  hour  age  at  538^ 
as  shown  in  Figure  la  and  b.  Dark  field  transmission  electron  microscopy  (TEM)  analysis  also 
revealed  a  0.1  Mm  thick  a  film  along  fi  grain  boundaries  in  both  21S  and  15*3  after  aging  at  538°C 
Aligned  plate-like  a  colonies  were  observed  perpendicular  to  B  grain  boundaries  in  the  21S  alloy 
both  metallogrq)hically  (Fig.  la)  and  by  dark  field  TEM^.  Subsequent  aging  to  peak  strength  at 
538**C  or  duplex  aging  resulted  in  a  high  density  of  intragranular  a  plates  in  both  alloys.  X*ray 
diffraction  (XRD)  after  SHT,  PA  and  DA  heat  treatments  indicated  presence  of  the  B  phase 
(SHT),  or  B+  secondary  a  pha^  (PA,  as  well  as  DA).  The  u  phase  was  neither  detected  by  TEM- 
selected  area  diffraction  nor  Ity  X-ray  diffaction  in  PA  alloys. 

Hydrogen  Chargmg 

Electrochemical  pre-charging  of  hydrogen  was  conducted  in  a  solution  of  IQml  H2SO4, 1000ml 
HjO  and  0.8  g  Na4P207  at  90°C5”\  Previously  heat  treated  and  machined  tensile  medmens  were 
cathodically  polarized  to  100  A/m^  for  various  times,  as  described  elsewhere^,  to  facilitate 
hydrogen  uptake  and  were  tested  in  air.  Upon  removal  ft’om  the  charging  bath,  the  oxide  which 
forms  in  air  is  an  effective  barrier  to  hydrogen  egress.  Hydrogen  concentrations  reported  for  each 
tensile  specimen  were  obtained  from  a  section  of  the  same  tensile  bar  adjacent  to  the  notch  by 
thermal  emission  (LECX))  and  represent  an  average  total  concentration  for  the  volume  of  meud 
tested.  Note  that  the  hydrogen  uptake  rate  of  15*3  was  ^roximately  5-6  times  greater  than  that 
of  21s  for  all  the  heat  treatments  investigated.  This  increase  in  hydrogen  uptake  is  attributed,  in 
part,  to  a  higher  hydrogen  overpotential  and  fiigacity  on  the  surface  of  15-3.  At  25°C,  galvanostatic 
measurements  in  the  charging  solution  indicate  that  15*3  develops  a  potential  approximately  200 
mV  cathodic  to  21S  at  an  equivalent  current  density  of  100  A/m^ 

Mechanical  testing 

Circumferentially  notched  "Bridgman"  tensile  bars  were  employed  to  quantify  the  effects  of 
hydrogen  on  the  mechanical  properties  of  the  alloys  investigated^^\  Degree  of  embrittlement  was 
quantified  by  determining  the  maximum  longitudinal  stress  developed  at  the  centerline  of  the 
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notched  region  and  the  effective  plastic  strain  across  the  notch  diameter  at  maximum  load  following 
the  procedures  of  Hancock  et  aL*^**^^  All  tensile  tests  were  conducted  at  a  crosshead  displacement 
rate  of  25  x  IQr^  cm/s.  The  effect  of  constraint  on  the  failure  stress  and  strain  in  PA  material  was 
determined  as  a  function  of  hydrogen  concentration  at  four  different  initial  constraint  levels  (052, 
0.62  1*03,  1.43)  where  the  triaxial  constraint  is  defined  as  the  ratio  of  mean  to  effective  stress. 
These  constraint  levels  correspond  to  notch  radii  of  7.9  mm,  4.8  mm,  1.6  mm,  and  7.9 
mm  respectively  at  a  constant  initial  diameter  aaoss  the  notch  of  6.4  mm.  Additional  tensile  tests, 
conducted  at  the  constraint  level  of  1.43  (033  -  uniaxial  tension,  230  =  sharp  notch),  compared 
the  effects  of  hydrogen  on  SHT,  PA,  and  DA  heat  treatments. 

Defonnation  mode 

The  slip  behavior  of  each  alloy  was  investigated  by  deforming  electropolished  cubes  of  SHT 
material  (approximately  1  cm^)  in  compression  and  observing  the  surface  slip  lines  via  optical 
microscopy. 

Detection  of  hydriding 

X-ray  diffraction  experiments  were  performed  with  a  Sdntag  automated  diffi-actometer  utilizing 
copper  radiation,  which  was  continuously  scanned  over  30-80°  2e  at  a  rate  of  1°  per  minute. 
Both  the  heat  treated  and  heat  treated  -i'  hydrogen  charged  conditions  were  investigated. 
Diffraction  spectra  of  electrochemically  charged  plate  were  taken  both  at  the  charged  surface  and 
well  into  the  specimen  interior.  The  latter  was  achieved  sectioning  and  grinding. 

RESULTS 

Mechanical  Testing  •  Influence  of  Constraint  and  Hydrogen 

The  maximum  longitudinal  stress  increased  and  the  corresponding  plastic  strain  decreased  with 
increasing  level  of  constraint  for  imcharged  PA  lS-3  and  21S  (Figure  2).  The  maximum 
longitudinal  stress  and  plastic  strain  developed  in  PA  15-3  decreased  almost  linear^  with  hydrogen 
concentration.  Ti-15Mo-3Nb-3Al,  however,  exhibited  a  sharp  decrease  in  longitudinal  stress  and 
plastic  strain  at  hydrogen  concentrations  greater  than  i.pproximately  1000  wt  ppm.  The  threshold 
hydrogen  concentration  required  to  produce  the  distinct  decrease  is  a  function  of  constraint 
Similarly,  larger  reductions  in  plastic  strain  occur  for  21S  at  the  highest  constraint  (Figure  2b).  As 
reported  previously,  the  fracture  appearance  of  21S  at  a  constraint  of  1.03  changed  from  a  process 
completely  governed  by  microvoid  initiation,  growth  and  coalescence  to  transgranular  and 
intergranular  separation  processes  with  increasing  hydrogen  concentration^^\  In  contrast  the 
fracture  mode  of  PA  lS-3  was  relatively  insensitive  to  hydrogen  concentration  as  will  be  detailed 
below.  Given  the  strong  influence  of  constraint  on  the  effects  of  internal  hydrogen,  SHT,  PA  and 
DA  metallurgical  conditions  were  investigated  at  the  high  constraint  level  of  1.43. 

Mechanical  Testing  -  Influence  of  Heat  Treatment 

Solution  heat  treated  alloys  were  tested  over  a  total  hydrogen  concentration  range  extending 
from  the  as-received  levels  to  almost  3000  wt  ppm  at  the  highest  constraint  level  investigated 
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(1.43).  The  failure  stress  and  strain  of  15-3  are  unaffected  by  hydrogen  concentrations  up  to  3000 
wt  ppm  as  shovm  in  Figure  3.  In  contrast,  21S  is  embrittled  at  less  than  3000  wt  ppm  (Figure  3). 
Although  the  maximum  longitudinal  stresses  are  nearly  equal  for  each  alloy  in  the  SHT  condition, 
15-3  displays  approximately  twice  the  plastic  strain  at  maYimiim  load  as  21S  for  low  hydrogen 
concentrations  and  more  than  five  times  the  plastic  strain  at  the  hydrogen  concentration  of  2900 
wt  ppm.  It  should  be  noted  that  the  difference  in  the  hardness  of  the  two  alloys  is  only  slight  in 
the  solution  heat  treated  condition  as  shown  in  Table  1. 

In  the  PA  condition  (Fig.  4),  both  15-3  and  21S  exhibit  a  decrease  in  strength  and  ductility 
above  approximately  1000  wt  ppm  total  hydrogea  This  decrease  is  more  pronounced  for  21S  as 
is  the  change  in  fiiacture  mode  which  will  be  discussed  below.  Agaia  Table  1  indicates  that  the  21S 
alloy  is  of  only  slightly  greater  hardness  than  the  15-3  alloy. 

Duplex  Aged  15-3  also  exhibits  greater  resistance  to  hydrogen  embrittlement  than  DA  21S  at 
equivalent  total  hydrogen  concentrations  (Fig.  5).  Ei^rittlement  is  observed  at  hydrogen 
concentrations  of  approximately  1000  wL  ppm  or  greater.  Comparison  of  material  at  equivalent 
hardness  levels  (as  in  the  case  of  DA  15-3  at  Rockwell  C  41.4  versus  PA  21S  at  Rockwell  C  42.1) 
clearly  shows  that  15-3  still  exhibits  superior  resistance  to  hydrogen  embrittlement 

Fractog^hy 

All  firactography  reported  was  examined  at  £q>proximateiy  equivalent  radial  distances  from  the 
notch  surface.  The  fracture  mode  of  SHT  15-3  was  relatively  insensitive  to  hydrogen  concentration. 
At  all  hydrogen  levels  investigated  SHT  15-3  failed  transgranular  miaovoid  processes.  In  PA 
material,  the  frncture  mode  of  transgranular  15-3  was  also  transgranular  microvoid  coalescence  at 
all  constraint  and  hydrogen  levels  investigated.  One  effect  of  increasii^  hydrogen  and  constraint 
for  the  15-3  alloy  was  to  increase  the  density  of  miaovoids  per  given  fracture  area  and  decrease 
the  depth  and  width  of  the  microvoids.  Such  a  trend  has  also  been  associated  with  decreased 
fracture  toughness  of  Beta  m,  but  as  a  function  of  aging  time^^°\  The  fracture  mode  of  DA  15-3 
also  consisted  of  progressively  finer  microvoids  up  to  its  highest  hardness  (Rockwell  C  41)  and 
hydrogen  concentration  (3793  ppm  H)  where  the  fracture  mode  changed  to  transgranular  ductile 
tearing  characterized  by  fine  undetermined  features  as  shown  in  Figure  6. 

In  contrast  to  15-3,  the  fracture  modes  of  the  SHT,  PA  and  DA  21S  alloys  all  changed 
significantly  as  the  hydrogen  concentration  was  increased  (Fig.  7).  The  fracture  mode  of  SHT  21S 
changed  from  large  miaovoids  at  approximately  100  ppm  hy^ogen,  the  as-received  hydrogen 
concentration  (Fig.  7a),  to  small  miaovoids  and  ductile  tearing  features  at  680  ppm  hydrogen  (not 
shown).  At  3000  ppm  a  flat  fracture  appearance  characterized  by  three  distina  fracture  modes  was 
observed:  (1)  fine  voids  and  tearing  features  similar  to  the  680  ppm  hydrogen  level,  (2)  flat 
transgranular  fracture,  and  (3)  transgranular  fracture  displaying  relatively  straight  parallel  marking 
(Fig.  7b).  These  parallel  markings  typically  extend  aaoss  an  entire  grain  diameter  and  are 
consistent  with  hydrogen  induced  slip  band  fracture  which  has  been  observed  in  hydrogen  charged 
bcc  steels,  pure  nickel,  and  nickel  and  iron  base  alloys^^^^  The  transgranular  surfaces  of  other 
grains  intercepting  the  siuface  contained  almost  entirely  the  fractures  modes  described  by  (1)  and 
(2)  above.  The  difference  in  fracture  mode  between  individual  grains  is  believed  to  be  caused  by 
differences  in  slip  system  orientation  relative  to  the  tensile  axis. 

The  fracture  mode  in  PA  21S  is  strongly  influenced  by  both  level  of  constraint  and  hydrogen 
concentration  as  detailed  elsewhere^^\  At  the  highest  constraint  levels,  peak  aged  21S  exhibits  a 
transgranular  miaovoid  fracture  appearance  with  a  bimodal  distribution  of  dimple  sizes  in  the 
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uncharged  condition.  This  changed  to  a  mixture  of  intergranular  and  transgranular  fracture  as 
hydrogen  concentration  is  increased  (Fig.  7c).  The  flat  featureless  areas  of  the  PA  21S  at  4664  ppm 
hydrogen  (Hg.  7d)  suggest  that  slip  plane  decohesion  has  occurred.  However,  this  hypothesis 
requires  oystallogr^hic  confirmation. 

Duplex  aged  21S  fails  1^  transgranular  fracture  with  approximately  10  nm  wide  irregular 
terraces  at  75  ppm  hydrogen,  the  as-received  level  Flat  transgranular  fracture  characterized  by 
parallel  arrays  of  ridges  containing  micro-voids  is  observed  across  entire  grains  at  3800  ppm  (Hg. 
7e).  Qeavage  (Fig.  7f)  apparently  occurs  at  5600  ppm  as  evidenced  a  flat  transgranular  fracture 
appearance  with  markings. 

Defonnadon  Mode 

Compression  tests  on  SHT  alloys  revealed  that  both  alloys  are  prone  to  highly  localized  planar 
slip  at  low  plastic  strains  (3%)  while  at  strains  on  the  order  of  8%,  extensive  multiple  or  wavy  slip 
occurred  in  15-3  but  not  in  21S.  In  contrast,  localized  planar  slip  persists  in  the  SOT  21S  material 
Figure  8a  and  b  compares  the  surface  slip  observed  in  SHT  15-3  and  21S  at  approximately  8% 
plastic  strain  and  illustrates  the  difference. 


X-rc^  Infraction 


Analysis  of  x-ray  diffraction  (XRD)  data  was  undertaken  for  both  peak  aged  21S  and  15-3.  A 
6  phase  lattice  parameter  of  0325  nm  was  determined  for  uncharged  21S  («75  ±  25  ppm),  0328 
for  24  hour  charging  (»1400  ±  400  i^m)  and  0331  nm  for  64  hour  charging  («2600  ±  800  ppm) 
using  the  (110)  r^ectiooL  These  results  suggest  partitioning  of  hydrogen  to  the  fi  phase.  In  contras^ 
very  little  change  in  the  hqp  a  phase  lattice  parameter  is  observed.  Paton  et  al.  also  correlated  6 
lattice  parameter  to  l^drogen  concentration  in  solution  aimealed  11-18  Lattice  parameters 
equal  to  0328  and  0331  run  were  obtained  at  1000  and  2100  ppm  hydrogen,  respectively,  in  good 
agreement  with  the  data  presented  here.  No  evidence  of  l^driding  of  the  6  phase  was  found. 
Regarding  the  possibility  of  hydiiding  of  a  precipitates,  x-ray  diffiaction  analysis  was  conducted  on 
(a)  specimen  surfaces,  (b)  several  micrometers  beneath  the  ^dmen  surface,  and  (c)  at  a  position 
as  near  as  possible  to  the  centerline  of  the  notched  region  of  a  high  constraint,  high  hydrogen 
tensile  bar.  The  latter  two  conditions  were  achieved  by  surface  grinding  and  sectioning,  respective^. 
Neither  a  nor  6  phase  hydride  formation  were  detected  at  (a),  (b)  or  (c)  for  charged  and  plastically 
strained  PA  21S.  Instead,  diffraction  peaks  coinciding  with  the  a  and  B  phases  are  observ^  except 
for  immediately  at  the  charged  surface  where  neither  the  a  phase  nor  its  corresponding  hydride  are 
observed  (Figure  9a).  Electron  microscopic  examination  revealed  that  selective  removal  of  the  a 
phase  occured  due  to  spalling  of  the  near  surface  a  precipitates  (Fig.  9b).  Such  spalling  might  be 
expected  based  on  the  18%  volume  increase  which  occurs  upon  hydriding  of  the  a  phase^^^. 
Spalling  of  hydrided  a  phase  has  previously  been  reported  by  Nakasa  in  T1-6A1-4V  during 
electrochemi(^  hydrogen  charging^^.  To  confirm  the  notion  that  surface  a  could  be  hydrided 
under  the  electrochemical  conditions  used  here,  commercially  pure  H  was  charged  under  identical 
conditions  used  for  'n-15Mo-3Nb-3Al.  Hydride  formation  was  indeed  confirmed  XRD  and 
metallography. 

Diffraction  spectra  taken  from  the  surface  of  as-charged  PA  15-3  indicated  that  surface  exposed 
a  also  became  hydrided  but  did  not  spall  (Fig.  10).  Hydriding  q)pears  to  be  a  phenomena 
associated  with  surface  exposed  a  for  both  alloys  since  no  hydride  peaks  were  detected  in  the 
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interior  of  either  material  when  diffiaction  spectra  were  taken  after  serial  grinding  of  the  hydrogen 
charged  surface.  Instead,  partitioning  of  l^drogen  to  the  6  phase  is  again  (4>seived  as 
inaeases  in  the  B  lattice  parameter.  However,  this  does  not  preclude  the  possibility  of 
deformation  assisted  hydriding  in  slip  bands  or  localized  hydriding  of  a/S  intfirfaces  as 
by  Boyd^^,  if  the  volume  fraction  of  hydride  formed  was  too  small  for  detection  by  XRD.  To 
summarize,  our  findings  suggest  that  hydriding  of  a  precipitates  occurs  at  the  free  surface  but  that 
hydriding  of  a  large  volume  fraction  of  the  subsurface  a  does  not  occur  due  to  partitioning  of 
hydrogen  to  the  high  solubility  B  phase. 


DISCUSSION 

Metallurgical  factors  ejecting  embrittlement  atxeptibility 

Both  preferential  grain  boundary  a  precipitation  anH  localized  planar  slip  ran 
circumstantially  correlated  with  the  greater  susceptibility  to  internal  hydrogen  embrittlement  (IHE) 
of  the  Ti-lSMo-SNb-SAl  alloy.  Recall  that  preferential  grain  boundary  a  precipitation  was  noted 
in  aged  21S  (Fig.  la)  and  intergranular  craddng  occurred  (Fig.  7c).  Planar  slip  was  observed  for 
SHT  21S  (Fig.  8b)  and  is  suggested  Ity  the  fracture  2^)pearances  in  SHT  (Fig  7b)  as  well  as  aged 
21S  (Fig.  7e).  In  contrast,  wavy  slip  was  observed  in  SHT  15-3,  intragranular  a  precipitation  was 
observed  in  aged  15-3  and  transgranular  fracture  occurred.  At  issue  are  the  important  factors. 

It  is  difficult  to  attribute  the  hydrogen  embrittlement  susceptibility  of  21S  exclusively  to  the 
mere  presence  of  grain  boundary  a  in  the  aged  condition  for  two  reasons.  Firstly,  aged  15-3 
contained  a  0.1  fiia  thick  a  film  along  B  grain  boundaries,  although  preferential  formation  of  o 
colonies  perpendicular  to  boundaries  did  not  occur.  The  thin  a  film  did  not  render  the  alloy 
susceptible.  Secondty,  21S  was  more  susceptible  than  15-3  in  the  SHT  condition  where  a  solid 
solution  B  microstructure  was  preserved  upon  cooling  from  above  the  B  transus.  The  parallel, 
features  shown  on  the  fracture  surfaces  of  Itydrogen  charged  21S  in  the  SHT  and  DA  conditions 
(Figures  7b  and  7e)  and  previously  observed  in  hydrogen  charged  PA  material^*^  suggest  an 
interaction  between  hydrogen,  slip  and  fracture  mode. 

In  the  present  stu^,  planar  slip  has  been  observed  for  SHT  21S  but  not  yet  confirmed  for  aged 
21S.  However,  it  is  reasonable  to  expect  that  aging  would  exacerbate  the  planar  slip  tenden^  seen 
in  the  SHT  condition  since  (a)  o  plates  are  fine  and,  perhaps,  shearable,  (b)  well  aligned  a  colonies 
at  grain  boundaries  might  promote  shearing,  and  (c)  1  tM/ electron  diffraction  experiments  show 
that  both  15-3  and  21S  exhibit  Burger’s  a  (Le,  (110),  |  (0001)^  [111],  |  [1120]J<^^.  This  suggests 
that  transfer  of  slip  from  B  to  a  may  be  possible  and  also  that  shearing  of  a  precipitates  may  occur. 
In  support  of  this  view,  Okada,  Baneijee,  and  Williams  found  that  slip  transfer  from  B  to  o  was  a 
function  of  precipitate  morphology  in  Ti-15V-3Cr-3Al-3Sn^“\  Slip  initiates  in  the  B  phase  and 
parallel  a  plates  of  the  same  variant  (coloity  type  structure)  allow  dislocations  to  shear  the  a  phase 
while  a  plates  of  differing  ph3^ical  orientations  promote  homogeneous  slip^^\  High  magnification 
SEM  of  aged,  metallographically  prepared  21S  and  15-3  show  a  difference  in  the  anrf  physical 
orientation  of  o  plates  for  the  two  alloys^.  It  is  plausible  that  the  coarseness  of  intragranular  o 
in  aged  15-3,  which  has  nucleated  first  and  grown  for  a  longer  time,  is  a  more  effective  slip  barrier 
than  the  fine  a  of  21S.  A  greater  impedance  to  planar  slip  would  promote  more  homogeneous 
deformation  in  the  form  of  multiple  or  wavy  slip  in  aged  alloys. 

Hydrogen  segregation  to  dislocations  and  transport  by  slip  is  well  documented  in  bcc 
metals^^^\  Recall  that  hydrogen  has  been  shown  to  partition  to  and  is  relatively  mobile  in  the 
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6cc  lattice^^^  whidi  provides  a  readily  available  source  for  hydrogen  pickup  by  dislocations  anrf 
possible  deposition  of  tliis  hydrogen  at  grain  boundaries.  In  the  case  of  15-3,  which  l^^>ears  more 
prone  to  wavy  or  multiple  slip,  we  hypothesize  that  less  hydrogen  is  transported  to  fi  grain 
boundaries  and  the  locally  hi^  hydrogen  concentrations  possible  along  the  intense  planar  slip 
bands  seen  in  21S  (Fig.  8b)  are  avoided.  In  this  way  slip  mode  would  also  contribute  to  the 
observation  of  intergranular  cracking  in  21S.  This  explanation  for  intergranular  cracking  is  well 
supported  by  the  fracture  modes  observed  for  21S  but  not  found  for  15'3  in  this  study  and  is 
consistent  with  the  work  of  Albrecht,  Thon^>son,  and  Bernstein  in  aluminum  allnysC^^^ 

Tl-lSMo‘3Nb-3Al,  which  is  prone  to  planar  slip,  undergoes  slip  band,  possibly  slip  pian^^ 
intergranular,  and  cleavage  cracking  depending  on  microstructure,  degree  of  constraint  and 
Iqrdrogen  concentratioa  15-3,  in  which  multiple  slip  is  easier  to  induce,  exhibits  a  microvoid  rupture 
fracture  mode  until  the  highest  strength  and  fayd^en  level  investigated  where  the  fractographic 
features  are  on  the  size  and  order  of  the  deformation  structure  seen  in  heavily  plastically  strained 
SHT  material  as  shown  a  comparison  of  Figures  6b  and  8a.  Correlation  of  the  different  fracture 
modes  with  the  plastic  slip  behavior  exhibited  by  each  alloy  indicate  that  deformation  mode 
strongly  influences  the  hy<frogen  effected  fracture  paths  and  subsequent  meghanieal  properties. 
Consequently,  factors  influencing  slip  behavior  should  be  reviewed.  It  is  reasonable  to  expect  that 
slip  behavior  in  bcc  titanium  is  dependent  on  both  alloy  composition,  thermo-mechanical 
processing,  and  precipitate  morphology  as  in  the  case  of  other  alloy  systems.  For  SHT  B  alloys  it 
is  plausible  that  deformation  mode  may  be  controlled  by  chemical  composition,  operative  slip  or 
twinning  systems,  and  residual  dislocation  density  since  other  factors  affecting  ^p  such  as  the  u 
phase  were  not  detected,  nor  expected.  The  fact  that  alloying  additions  affect  stacking  fault  energy 
and  subsequent  slip  behavior  is  well  known  and  also  may  apply  to  metastable  B-dtanium  alloys. 
Ling  and  co-workers  noted  a  changed  in  deformation  mode  from  wavy,  multiple  slip  in  a  quenched 
and  recrystallized  11-28  wL  %  V  aUoy  to  coarse  planar  slip  in  a  40  wt  %  V  alloy^\  They  traced 
the  difference  to  an  increasing  twin  fault  probability  with  increasing  V  which  makes  cross-slip  more 
difBcult^^*^  In  the  present  study,  the  equivalent  Mo  concentration  of  lS-3  is  11.9  wt  %  while  that 
of  21S  is  12.8%,  not  a  large  difference.  Therefore,  we  assert  that  differences  in  deformation  mode 
observed  here  are  more  dependent  on  heat  treatment  than  alloy  composition.  In  support  of  this 
view  it  should  be  noted  that  preferential  grain  boundary  a  precipitation  and  intergranular  stress 
corrosion  cracking  have  been  produced  in  15-3  which  was  solution  heat  treated  above  the  B  transus 
for  longer  times  (e.g.  KGffXi],  2  hours)  than  investigated  here^*^.  The  present  authors  have  also 
produced  intergranular  cracking  in  re-solutionized  15-3  (816°C,  0.5  h-Air  cool,  95(FC,  12  h-Air 
cool)  with  room  temperature  hydrogen  charging^”^  Of  inqx>rtant  note,  this  condition  was  also  more 
prone  to  planar  slip  than  SHT  15-3  after  816®C  for  OJ  h^**\  Therefore,  solution  heat  treatment 
temperature  and  time  !q)pear  to  affect  both  slip  behavior  and  a  precipitation  in  15-3  and  21S  more 
strongly  than  compositional  differences. 

The  temperature  and  time  associated  with  solution  heat  treatments  (Table  1)  affect  residual 
dislocation  density,  vacancy  concentration,  and  grain  growth.  Since  mim'mal  grain  growth  was 
observed  vacanqr  concentration  and  dislocation  density  are  implicated  as  key  factors.  Fujii  has 
shown  that  a  high  excess  vacancy  concentration  created  by  very  high  SHT  temperatures  (i.e. 
>  100(y*C)  and  a  low  density  of  vacancy  sinks  (grain  boundaries,  twin  boundaries  and  dislocations) 
accelerate  aging  and  promotes  fine  homogeneous  a  precipitation^®^  However,  a  balance  exists 
between  the  opposing  roles  of  dislocations  as  vacancy  sinla  and  as  heterogeneous  a  nudeation 
sites^®).  Dislocations  remaining  from  prior  working  clearly  readily  serve  as  strong  a  nudeation  sites 
as  shown  ly  studies  of  the  effect  of  cold  work  on  agmg5®^^  In  this  study,  the  differences  in  excess 
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vacancy  concentration  following  heat  treatment  at  816, 871  or  9S(fC  are  probabfy  minor.  However, 
long  solutionizing  times  at  871*X:)  (21S:  8h)  and  9S(y*C  (Re-solution  heat  treated  15-3:  12h)  are 
likely  to  lower  dislocation  density,  given  temperatures  of  about  one-half  the  melting  temperature. 
We  speculate  that  residual  dislocation  substructure  is  a  dominate  factor  affecting  slip  mode  and 
aging  behavior  in  the  present  stu(ty  and  that  composition  and  vacancies  play  secondary  roles. 
Solution  treatment  has  also  been  i^ntified  as  the  controlling  factor  in  hot  salt  stress  corrosion 
craddng  suscratibility  of  the  metastable  fi  all(ty  Beta-in  but  the  mechanism  of  embrittlement  was 
not  discussed^^  In  the  present  study,  solution  treatment  time  and  temperature  are  implicated  as 
important  factors  affecting  the  inter^  hydrogen  embrittlement  (IHE)  susceptibility  of  B-titanium 
alloys. 

Other  factors  possU)fy  ejecting  embrittlement  susceptibility 

Two  other  important  differences  have  been  reported  for  H-lSV-SCr-BAl-BSn  and  Tl-lSMo- 
3Nb-3Al  that  pertain  to  hydrogen  embrittlement  susceptibility.  Pound  reports  that  the  high  apparent 
hydrogen  trapping  constant  associated  with  21S  predicts  a  greater  tnqpping  tendencty  upon  aging 
than  observed  for  aged  lS-3^^.  The  materials  an^yzed  were  identical  to  those  used  in  the  present 
study.  The  controlling  trq)  site  is  circumstantially  identified  as  a/B  interfaces,  in  particular  it  is 
spectated,  those  associated  vdth  grain  boundary  a  colonies^^^.  The  trsy>  strength  of  a/B  interfaces 
may  depend  on  coheren<7  and  lattice  misfit  In  general,  coherent  interfaces  are  viewed  as  reversible 
hydrogen  trap  sites  that  rely  on  local  stress  state  and  dislocations  to  promote  trapping^^^ 
Incoherent  interfaces  are  often  regarded  as  irreversible  trap  sites  and  also  have  lower  cohesive 
strengths^^\  Interestingly,  hydrogen  alters  the  B  lattice  parameter  but  minimally  influences  the  a 
lattice  parameter^^  and  this  may  change  the  misfit  strain  of  coherent  interfaces.  It  is  unclear 
whether  or  not  differences  exist  between  the  intragranular  and  grain  boundary  a/B  interface 
structures,  or  whether  differences  exist  in  the  case  of  21S  relative  to  lS-3.  Recall  that  a  Burger’s 
orientation  relationship  is  found  between  the  B  matrix  and  a  plates  in  both  21S  and  It  is 

difficult  to  attribute  the  differences  in  IHE  susceptibility  between  lS-3  and  21S  solely  to  an  intrinsic 
difierence  in  the  irreversible  trap  strength  of  a/B  interfaces  based  on  aUoy  composition  alone, 
especially  since  (a)  SHT  21S  is  more  susceptible  to  IHE  than  SHT  15-3  even  in  the  absence  of  a 
precipitates,  (b)  re-solution  heat  treated  15-3  is  prone  to  IHE  and  re-solution  heat  treated  and  aged 
15-3  is  rendered  susceptible  to  SCX5^,  and  (c)  irreversible  trapping  at  a/B  interfaces  does  not 
account  for  many  of  the  fracture  paths  reported  in  the  present  study.  It  is  also  difficult  to  attribute 
the  difference  in  susceptibility  exclusively  to  the  presence  of  boundary  a,  since  aged  15-3  contained 
a  0.1  pm  a  film  but  did  not  crack  intergranularly  in  aqueous  testing^^  or  hydrogen. 

The  second  factor  worth  mentioning  is  the  affect  of  hydrogen  on  the  ductile  to  brittle  transition 
temperature  (DBTT)  for  the  B  matrix^*^’^.  Lederich  reports  a  50^0  difference  in  DBTT  for  15-3 
versus  21S,  with  21S  experiencing  the  higher  of  the  two  transition  temperatures  at  a  given  B  phase 
hydrogen  concentration^^^.  Calculations  show^^^  that  it  is  unlikely  that  the  DBTT  has  been  shifted 
above  room  temperature  for  either  of  the  two  alloys  in  the  present  study.  This  conclusion  is 
reached  even  after  taking  into  consideration  a  correction  in  hydrogen  concentration  due  to 
hydrogen  partitioning  in  the  B  matrix  of  B+a  H  microstructures^^\  B  phase  hydrogen 
concentrations  of  5333  and  7586  wt  ppm  would  be  required  to  raise  the  DBTT  above  25*’C  for  21S 
and  15-3,  respectively.  Only  in  the  case  of  DA  21S  at  5600  wt  ppm  total  hydrogen  (Figure  70  is 
cleavage  induced  by  a  hi^  DBTT  suspected.  Consequently,  we  conclude  that  this  particular 
intrinsic  difference  between  15-3  and  21S  is  not  the  operative  reason  for  the  susceptibility  of  21S 


over  the  range  of  hydrogen  concentrations  reported  in  the  present  study. 
Correlations  with  aqueous  stress  corrosion  cracking 
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I-^ydiogen  has  previously  been  suggested  as  the  embrittling  species  in  aqueous  diloride  testing 
of  PA  A  titanium  alloys^"^*\  Hydrogen^p  interactions  mi^  emlain  the  siqierior  SCX^  resistance 
of  PA  15-3  vs.  PA  21S  in  aqueous  sodium  diloride  sohiticm^*^.  L.  Yming  and  Gangk^  have 
suggested  that  dislocation  moticui  is  a  requisite  for  EAC  in  21S  based  on  J-integral  resistance  curve 
testing  conducted  at  varying  load-line  di^laoement  rates  and  "rqiple"  loaded  tests  dfPA  15-3  and 
21S  in  aqueous  saltwatmr^.  This  statement  fits  well  with  the  observations  made  in  this  paper. 
Consider  the  production  of  hydrogen  at  an  acidified  cradc  tq)  and  absmption  td  this  hydrogen  into 
the  fracture  process  zone.  Under  a  "ripple”  load  designed  to  rupture  ^e  surface  ozide  film  (but 
well  below  the  fatigue  AK  threshold  for  cradc  growth  in  moist  air)  hydrogen  enters  the  metal  if 
elastic  strains  rupture  the  oxide  film  and  diffuses  through  the  lattice,  partitioning  primaxity  to  the 
B  phase  where  it  is  highly  soluble.  Localized  planar  slip  band  formation  does  not  occur,  however, 
below  the  moist  air  fatigue  AK  threshold. 

Under  a  rising  load  test,  however,  where  dislocation  motion  is  occurring,  hydrogen  may  be 
transported  by  dislocations  and  deposited  at  the  dislocation  sinks  (Le.  grain  boumlaries)  where  it 
is  trapped  and  promotes  intergranular  separation.  The  differences  in  the  SCC  resistance  between 
15-3  and  21S  may  also  be  traced  to  the  tenden^  of  21S  toward  planar  slip  udiicfa  pronmtes 
l^drogen  transport  over  long  distances  to  grain  boundaries.  Mult^le  or  wavy  slip,  wfaidi  has  been 
shown  to  occur  more  readily  in  SHT  15-3  than  21S,  hinders  t^  transport  and  dqiosition  of 
hydrogen  to  grain  boundaries  and  concurrent)^  disperses  l^drogen  as  dislocations  transport 
hydrogen  to  newfy  activated  slip  systems.  Hanar  slip  may  also  promote  film  rupture  phenomena 
to  stimulate  hydrogen  entry  in  aqueous  SCXI  testing. 

CX>NCLUSIONS 

1.  Hydriding  of  a  large  volume  fraction  of  the  a  and  B  phases  is  not  required  for  embrittlement  to 
occur  in  B  titanium  alloy  'n-15Mo-3Nb-3AL  Reduction  in  the  maximum  longitudinal  stress  and 
plastic  strain  developed  in  solution  aimealed  Tl-15Mo-3Nb-3Al  at  hydrogen  concentrations  <  3000 
wL  ppm  suggest  that  the  B  phase  is  intrinsicalfy  embrittled  \jy  hydrogen  espedalfy  \riien 
deformation  occurs  localized  planar  slip. 

2.  Embrittlement  is  a  function  of  hydrogen  concentration,  constraint,  and  yield  strength  for  alloys 
which  have  a  susceptible  microstructure.  Susceptible  microstructures  are  caused  high  solution 
treatment  temperatures  and  times  which  remove  heterogeneous  nudeation  sites  from  grain  interiors 
to  promote  grain  boundary  a,  delay  intragranular  a  predpitation  and  promote  planar  slip.  In  aged 
alloys  fine  a  predpitates  may  be  sheared  by  dislocations  to  promote  planar  slip,  concentrate 
l^drogen  along  planar  slip  bands  and  transport  hydrogen  to  grain  boundaries. 

3.  The  relationships  between  microstructure,  deformation  mode  and  speculated  hydrogen  transport 
behavior  can  account  for  the  observed  crad^  in  B  titanium  which  was  prediarged  with  hydrogen 
and  slowly  strained  in  air  as  well  as  simultaneously  polarized  and  slowly  strained  in  aqueous 
chloride  solution.  This  correlation  supports  a  hydrogen  embrittlement/dislocation  transport 
mechanism  for  aqueous  saltwater  stress  corrosion  craddng  of  metastable  S  titanium  alloys. 
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List  of  Hgures 

Hgure  1.  Optical  micrographs  showing  the  aging  response  of  (a)  H-lSV-SCr-SAl-SSn  and  (b)  Ti- 
15Mo-3Nb-3Al  after  aging  for  1  hour  at  S38^ 

Fi^e  2.  The  effects  of  constraint  and  total  internal  l^drogen  concentration  on  the  maximum 
longitudinal  stress  and  effective  plastic  strain  developed  in  peak  aged  Tl-15V-3Cr-3Al-3Sn  and  H- 
lSMo-3Nb-3AL  gyrmn  is  the  uniaxial  yield  strength. 

Hgure  3.  The  effect  of  total  internal  hydrogen  concentration  on  maximum  longitudinal  stress  and 
effective  plastic  strain  developed  in  solution  heat  treated  Ti-15V*3Cr-3Al-3Sn  and  *n-15Mo'3Nb- 
3AL 

Hgure  4.  The  effect  of  total  internal  hydrogen  concentration  on  maximum  longitudinal  stress  and 
effective  plastic  strain  develc^jed  in  single  step  peak  aged  'n*15V*3Cr-3Al-3Sn  and  Ti-lSMo-3Nb- 
3A1. 

Figure  S.  The  effect  of  total  internal  hydrogen  concentration  on  maximum  longitudinal  stress  and 
effective  plastic  strain  develtqied  in  di^ilex  aged  Ti-lSV>3Cr-3Al-3Sn  and  Ti>15Mo*3Nb*3AL 

Figure  6.  Fracture  surfaces  from  Tl-lSV-3Cr-3Al-3Sn  at  a  constraint  level  of  1.43  under  (a) 
solution  annealed  conditions  at  the  uncharged  l^drogen  level  of  9(V-120  wt  i^m  hydrogen,  and  (b) 
duplex  aged  with  3700  wL  ppm  hydrogen. 

Figure  7.  Fracture  modes  produced  in  H<15Mo>3Nb>3Al  at  a  constraint  level  of  1.43  after  various 
heat  treatments  and  different  hydrogen  concentrations:  (a)  SHT  •  100  ppm,  (b)  SHT  -  3000  ppm, 
(c)  PA  •  1000  ppm,  (d)  PA  •  3500  ppm,  (e)  DA,  3800  ppm,  and  (0  DA,  ppm. 

Figure  8.  Surface  slip  lines  observed  in  solution  heat  treated  (a)  'n-lSV-3Q’-3Al-3Sn  and  (b)  H- 
15Mo-3Nb*3Al  both  deformed  to  s^nudmatefy  8%  plastic  strain  in  compression. 

Figure  9.  (a)  Diffraction  spectra  from  the  surface  of  peak  aged  *n-lSMo-3Nb-3Al  charged  64  hours 
in  H2SO4  solution  at  90^0  and  (b)  SEM  micrograph  of  the  charged  surface  illustrating  the  spalled 
surface  exposed  secondary  a  phase. 

Figure  10.  Diffraction  spectra  taken  from  the  surface  of  PA  ll-lSV-3Cr-3Al-3Sn,  charged  24  hours 
showing  the  a,  B,  and  6  phase  peaks. 


Table  1.  B-titanhim  allcq/’  heat  treatments  and  corresponding  Rockwell  C  hardness  values.  Alloys 
were  received  in  the  SHT  condition  with  the  reported  solution  heat  treatment  tenq>eratures  and 


Omdition:  Alloy 

Heat  TVeatmoit 

HRC 

Solution  Annaded: 

Ti-15V-3Cr-3Al-3Sn 

ri-15Mo-3Nb-3Al 

816T.  0.5  h  -  Air  Cool 

871“(;  8  h  -  Air  Cool 

252  ±  0.9 

28.7  ±  12 

Path  Aged: 

Ti-15V-3Cr-3Al-3Sn 

ri-15Mo-3Nb-3Al 

538®C,  8  h  -  Air  Cool 

538®C,  8  h  -  Air  Cool 

38.9  ±  0.6 

42.1  ±  12 

Duplex  Aged: 

ri.l5V-3G.3Al-3Sn 

Ti-15Mo-3Nb-3Al 

440^  20  h  -  Air  Cool  - 
538^  05  Ail  Cool 

440“C;  20  h  -*  Air  Cool  - 
538®C;  0  J  h  Air  Cool 

41.4  ±  0.7 

48.8  ±  0.8 

fjt  ■ 


Hgure  la.  Optical  micrograph  showing  the  p-t-a 
microstnicture  of  H-15Mo-3Nb-3Al  after  aging  for  1 
houratS38°C 


Figure  lb.  Optical  micrograph  shomng  the  p-i-a 
microstnicture  of  Ti-lSV>3Cr-3Al*3Sn  after  aging  for  1 
hour  at  538^0 
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F%IU62.  Tllg  ami  t/^al  ««»  *l«g  WIMBllUB  tjMWttlldUMi  ^CM 

and  eCkctiwB  plastic  strain  developed  m  peak  aged  Ti>15V-30r-3Al-3Sn  and  Ti-lAfo-3Nb>3AL  n<nw>  ia  die 
aniasbl  yield  streagtk. 
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Figured.  The  effect  of  total  internal  hydrogen  conceatratjoo  on  maamum  longitudinal  ttfc&s  and  effective 
strain  devdc^ied  in  single  step  peak  aged  Tl>15V>3Gr-3Al’3Sn  and  Ti-15Mo-3Nb>3AL 


Figure  7a.  Fracture  mo^  produced  m  Ti-lSMo-3Nb- 
3A1  at  a  oonstraint  level  of  1.43:  solndoo  heat  treated  • 
100  wt  ppm  hydrqgea. 


Figure  7c  Fracture  modes  prodiKed  in  Ti-15Mo-3Nb- 
3A1  at  a  constraint  level  ot  1.43:  peak  aged  •  1000  wL 
ppm  hydtogen. 


F^ureTb.  Fracture  mode  produced  in  Ti-15Mo-3Nb- 
3A1  at  a  constraint  level  of  1.43:  snlwtioo  heat  treated  • 
3000  wt.  ppm  hydrogen. 


F^ure  7d.  Fracture  modes  produced  m  Ti-lSMo-3Nb- 
3A1  at  a  constraint  level  of  1.43:  peak  aged  -  3S00  wt. 
ppm  hydrogen. 
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Figure  7e.  Fracture  inodes  produced  in  Ti*15Mo-3Nb- 
3A1  at  a  constraint  level  of  1.43:  duplex  aged  •  3800  wt 
ppm  hydrogen. 


Figure ‘K:  Fracture  modes  produced  m ’n-15Mo-3Nb> 
3A1  at  a  coaslraint  level  of  duplex  aged  •  5600  «L 
ppm  hydrogen. 
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ngure  8a.  Surface  slip  lines  observed  m  solution  heat 
treated  Ti-15V-3Cr>3AJ-3Sn  deformed  to  approximately 
8%  plastic  strain  in  compression. 


Fgure  8b.  Surface  slip  lines  observed  in  solution  heat 
treated  Ti*15Mo-3Nb*3Al  deformed  to  approxunately 
8%  {dasdc  strain  in  compression. 


F«nre  9i.  Diffricdoi  ^wcin  from  ^  snrfatt  of  peak 
yH  rwl5Kfo-3Nb-3Al  dbarged  64  boon  in  H^4 
lohitioo  at  9(rC 


Ftgure  %.  SEM  inkrognph  of  the  cbafRcd  peak  agod 
Ti-15Mo-3Nb-3AI>Bifkeillii«tratttgtlmapa]kd»^^ 
oposed  sooondaiy  n  phase. 


DagraM  (2f  l 


Figue  10.  DiSiractioa  spectra  taken  from  the  surface  of 
PA  Ti-15V*3Cr-3Al>3Sn,  diarpd  24  hours  showing  the 
a,  P,  and  6  phase  peaks. 
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ABSTRACT 


■ni  unHi^taiui  tha  mtht*  nt  Mn-Wh  tm  tha  tiahavinr  of  (UHtanlum  alltiya  in  ainhiMt  tawiptw 

•tun  chloride  lolutioiis,  ehaneterizatfam  of  the  deetrechrnnietiy  and  paarivi^  of  a  Tl>lSllo-3Nb-3Al  alkqr  (S-21S)  was 
undertaken.  Both  aolutionheat-tieatad  (SHI)  and  peak-aged  g/QallDyaeaddbltedpaaaiveanodkbdiavior  in  aerated  and 
deaeiated  0.6tfNaCl,  aerated  md  deaerated  0.6M  Nad  adjusted  to  pH  1  eritfa  ifel,  as  wdl  as  aerated  iM  HCL  X-^ay 
photoelectron  spectroMopyfXPS)  pcrfonned  after  exposure  to  neutral  O.SJf  Nad  indicated  that  both  PA  and  SHT  B-2  IS 
lonned  a  predcMninantly  TlOt  film.  Ajoga  deetron  spectroscopy  (AES)  and  cathodic  kinetics  suggest  that  the  Mo  and 
Nb  alio:  '>S  additions  are inoorpoateainto  the oxioe  in  amounts  kas  than  diat  found  in  the  allm  The  predominance 
of  the  passivating  TiOt  may  explain  the  similarity  of  the  deetrochemieal  bdiavior  obaereed.  However;  in  deamted  5M  Hd, 
all  materials  diqilayM  active-passive  bdiavlor  except  for  SHT  S-21S  eddch  eras  spontaneously  passive.  Tbis  result 
suggests  that  the  presence  of  toe  o-phase  is  deleterious  to  the  formatfon  of  a  protective  passive  fum  on  PA  S-21S  in 
deaerated  SMHd 


S-titanium  allays  incorporating  Mo  and  Nb, 
sudi  as  B-21S,  ereie  designed  initialijr  for  iz^roved  hi^ 
tamperature  properties  s^  as  oxidation  reristance,  el^ 
vaM  temperature  strength,  and  creqt  resistance.*  How¬ 
ever;  interest  in  these  materials  for  hi^  strength  appliea- 
tions  in  room  tcnqicrature  marine  environments  is 
(nneasing.  die  question  regarding  their  seawater  pethir* 
manoe  is  their  resistance  to  environmentally  assisted 
craddng  (EAC).  The  EAC  resistance  of  o-titanium  alloys  in 
saaerater  is  eontroOed  by  the  tendency  of  the  a>iihase  to 
hydride.*^  In  a  ♦  p  alloys,  a  discontimiaus  B*phase  has  a 
positive  effect  on  the  EAC  resistanoe,  plastically  blunting 
deavaM  crada  propagating  throuidi  the  hydrided  a- 
phase.*  Little  is  knovm  about  the  eff^  of  a-phaae  in  a 
P-titanium  matrix,  however  a  continuous  P-phase  is  detri¬ 
mental  to  hydrogen  embrittlement  resistance.*  In  contrast 
to  e-titanium,  a  large  hydrogen  concentration  (>40  a/o)  is 
required  to  hydride  9-titanium  in  Tl-H  binary  com^oimds.* 
It  k  unclear  whether  such  levels  can  be  obtdned  in  p-tita- 
uium  alloys  following  film  rupture  in  a  marine  environ¬ 
ment  Thus,  it  is  unkiMwn  ediether  a  hydrogen  mechanism 
is  involved  in  the  EAC  behavior  of  these  af^  because  of 
a  sequence  of  events  involving  (i)  crack  tip  passive  film 
destabilization,  (ii)  dissolution.  (iU)  hydrogen  production, 
and  (<o)  hydrogen  absorption,  or  whidtoEACis  controlled 
by  an  entirely  different  mechanism  sudi  as  slip-film  rup¬ 
ture-dissolution,  pre-existing  active  path  dis^ution,  or 
film-induced  dmvage.* 

BAG  has  been  observed  in  PA  9-21S  in  monotcmic  load¬ 
ing  experiments  <m  precracked  specimens  exposed  to  0.8M 
NaCl  at  -0.6  and  -0.15  V  os.  SCE.*  Cracking  was  maxi- 
mized  at  intermediate  strain  rates,  saggestii>g  that  a  bal¬ 
ance  exists  between  a  combination  of  film  rvpture  fre¬ 
quency  and  repassivatian  rate,  and  the  need  for  sufficient 
time  to  accommodate  a  time-dependent  transport  process. 
Intergnn\ilar  eraddng  was  obsoved  only  when  preferen¬ 
tial  o-predpitation  on  fi-grain  boundaries  occurred.*  Coin- 
ddentiuiy,  cqplanar  slip  was  favored  in  the  9-Tl  whidx  was 
prone  to  preforential  gnrin  boundary  ostentation  as  op¬ 
posed  to  wavy  slip.*  Therefore,  it  is  useful  to  ascertain 
ediether  a  preferential  dissolution  path  may  have  devd- 
oped.  However;  little  is  known  about  the  passivity  and  re- 
pMsivation  UngHca  of  P-tttanium  aUoys  stabilized  with 
mdybdenum  and  niobhnn  in  marine  environments  over 
this  range  of  potentials.  Tbmashov  ct  of.  reported  for  Ti-lS 
Mb  in  40%  H^4  at  90*C  that  dissolution  is  lowest  for 
100%  9-alloys  and  increases  for  9  a  and  9  w  alloys.'* 
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Additionally,  passive  dissolution  of  hep  a  was  hitter  vriicn 
alloyed  with  small  additions  of  Al,  V,  Mo,  Zi;  or  Nb.**  All 
these  elements  increased  the  passive  disanlution  rate  of 
eH>Ti  in  H^O«  at  OO'C  polarized  to  *l  V.  Ttamashov  st  ol. 
attributed  this  efket  to  a  diange  in  iooie  ooeduettvity  of 
the  predominantly  TlO|  oxide  and  did  not  attribute  this 
bdutvior  to  aira  ^ange  in  the  dtcmieal  staUU^  of  the  pro¬ 
tective  oxide.'*  Initial  corrosion  researdi  on  9-SlS  alloy  has 
extended  only  to  wei^t  loss  measurements.**  &t  tiiat  study 
9-21S  had  a  loerer  dissolution  rate  and  Iqfdrogen  v^take 
efficiency  compared  to  cammerdatly  pure  Ti  and  Tl-lSMo. 
Previous  reseat  on  molybdenum-containing  titanium  al¬ 
loys  generally  has  focus^  on  materials  induding  Zn**^ 
Others  have  studied  Nb  additions'*  and  found  that  there 
was  little  effect  on  the  hi^  temperature  oxidation  resist¬ 
ance  of  titanium.  Therefore,  as  an  initial  rtep  in  duddating 
the  role  of  dectrochemical  processes  on  the  EAC  median- 
ism  cd  a  Mo  and  Nb  stabilized  allqy,  diaracterization  of  the 
dksolutian  and  passivity  of  9-21S  has  been  undertaken  in 
room  temperature  chloride  solutimis.  A  subsequent  study 
addresses  repassivation  kinetics." 

Tb  obtain  the  required  strength  levels,  these  alloys  are 
{nedpitation  hatdoied  throu^  growth  of  an  shprec^tate 
with  a  needlelike  nunphology.*  Hence,  a  goal  ol  this  study 
is  to  the  efied  of  both  rompoaition  and  mi- 

croatructure  on  the  electrodiemical  bdunrhw  of  these  al¬ 
loys.  Both  SHT  and  PA  materials  were  investigated. 


The  compodtion  of  9-21S  is  reported  in  ThUe  L  9*218 
was  SHT  for  8  h  at  871*C  (1600*F)  foUowed  by  an  air  cobL 
Peak-aging  comprised  a  subsequent  sin^e-step  heat-trcai- 
ment  at  538*C  (1000*F)  for  8  h  followed  1^  an  air  cooL  The 
presence  of  an  o/9^crostructure,  and  the  absence  of 
other  phases,  was  confirmed  both  x-ray  diffraction  ex¬ 
periments  and  optical  microscopy.'*  o-platdets  preteen- 
tially  nucleate  a^  grow  along  9iptain  boundaries  with  a 
Burgerh  orienUtion  of  (110),  II  (0001)„  (111),  II  (1120)..'* 
This  orientation  relationship  is  observed  throu^iout  the 
matrix.'*  Mo  and  Nb  are  9^hase  stabilizers,  vdiile  Al  is  an 
o-stabilizec**  o-Predpitates  are  Al  ridi  and  Mo  poor, 
whereas  the  9*inatrix  is  the  opposite."  Therefore,  grade  6 


Ilfcb  I*  Vtaidor  fiooflid  ovmoa  diMiiail  cdnooiiioii  of  fi«21Sa 
TI  MoAlNbSi  O  re  N 


Wright  percent  lem.  14.9  3.15  2.64  0.22  0.198  0.15  0.014 
Atomic  poemt  rem.  7.89  5.99  1.44  0.40  0.639  0.14  0.051 
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Tl  At  te  Pt  O  N  H 


GiMbStl  nm.  —  —  0.M  0.U  S-OOS  040M 

<kwla41l  ftn.  SA4  S.30  0.44  0.13  0.010  83  ppm 


Tl  (TUS  Al-2.5  Sa)  was  utUisad  to  simulate  tha  approad- 
mate  compaaitiaB  d  tha  a-^nac^tetes  foand  in  tha  ^tita- 
aiiim  all^ps.  Tba  eomposltions  of  padas  2  and  8  Tl  are 
listed  in  lUda  IL  Commacialfy  pun  grade  2  Tl  (a-idtasc) 
also  was  anunined  for  a  baaelina  comparison. 

Samples  wen  polished  to  a  600  frit  finMi  fdlowed  by 
dagiaaaing  in  acetone.  Tha  «— Hug  apparatus  coa^>rised 

1  cm*  woefcing  riectroda  area  exposed  in  a  flat  eril  orntain- 
ing  a  platinised  nioUum  mesh  eountecriaetroda.  A  satu¬ 
rated  calomel  refennoe  riaetroda  (SCE)  was  situated  in  a 
well  poaaassing  a  Lu^Bin  capillary 

Rotatiag  disk  riaetroda  (RDE)  eaperiments  con^irised 
identical  counter  and  reference  eleetrodes  as  above.  The 
working  riectroda  (0.638  cm  diam)  surface  preparation  was 
toe  same  as  stated  above.  The  diric  was  imbedded  in  a  Kri-F 
mandrri  attadiad  to  an  analytical  rotator  and  ASB  speed 
controller  from  Pina  Instrusmt  Co.  A  standard  BDE  cril 
was’utUised  for  these 

Polarisation  measurements  wen  performed  with  either  a 
Princeton  Applied  Beaeareh  (PAB)  173  or  PAB  273  poten- 
tiostat  at  a  scan  rata  of  0.09  mV/k.  Ail  polarisation  eiqieri- 
ments  wen  peitonned  folloering  exposun  to  solution  for 

2  h  at  open  drenit 

Each  elcetrodtemical  impedance  qwetroeocqiy  (EIS)  ex¬ 
periment  comprised  ten  individual  in^edance  ««— "«  An 
initial  scan  was  conducted  at  the  (qpen-drcuit  potential 
followed  Iqr  nine  scans  at  300  mV  intervals  fmn  -0.3  to 
2.1  V  m.  Eadi  scan  was  preceded  by  a  2  h  potentio- 
static  hold  at  tha  given  potential,  except  the  opcn^drcuit 
potential  scan  whidh  was  preceded  by  2  h  at  open  dreuit 
EIS  measurements  wen  performed  irith  a  Solartron  1286 
electrochemical  interface  and  a  Ifodd  1298  frequency  re¬ 
sponse  ana^rsec  A 10  mV  nns  ac  voltage  signal  was  applied 
at  frequendes  between  10  kHz  and  9  mlb  using  potentio- 
static  controL  Inqiedanoe  data  fitting  was  performed  with 
CNLS  dreuit  fitttng  software.** 

Eleetrodwmical  tests  wen  performed  on  the  materials 
utilizing  six  different  room  tempentun  solutions.  These 
wen  0.6M  Nad.  0.0tf  Nad  adjusted  to  pH  1  with  Hd,  and 
9  Jf  Hd,  eadi  in  both  the  aerated  and  deaented  condition. 
Nad  solutions  (0.090  comprised  reagent  gnde  Nad 
added  to  distilled  deionized  water  Solutions  wen  adjusted 
to  pH  1  with  reagent  gnde  HCL  Hd  solutions  (9M)  com¬ 
prised  reagoit  gnde  Hd  ami  distilled  deUmized  water  The 
pH  of  these  solutions  is  -1.64  when  the  effect  of  d*  on  the 
activity  of  H*  is  incotponted  into  the  calculation,**  Deaev 
ation  was  performed  with  commercially  pun  Ar  gas.  0.6tf 
Nad  solution  was  utilized  to  modri  aUoy  behavior  when 
erqposed  to  the  bulk  solution  in  a  marine  environment  The 
pHl,  0.6Jf  Nad  was  utilized  to  discern  the  briiavior  of  the 
alloys  in  a  simulated  cnck  tip  environment.  Although  a 
craiA  tip  solution  and  ite  pH  hu  yet  to  be  isc^ted,  a  pH  1, 
0.69f  Nad  is  considered  to  be  a  rough  estimate  of  that 
solution.  Beck**  has  reported  that  a  pH  <  U  was  found  next 
to  a  corroding  pit  ej^osed  to  neutral  chloride  solution.** 
Others  have  reported  a  pH  of  1.7  at  a  crack  t4>  in  11-8  Al-1 
M6-1 V.**  Hd  was  utilized  to  analyze  material  bdiav- 
iw  under  extremely  addic  conditions  that  are  perhaps 
more  severe  than  a  crack  tip  environment 

Sanqde  surfaces  were  prqtared  for  Auger  electron  q)ec- 
troecopy  (AES)  in  the  manner  stated  above.  EIS  was  then 
perforin  on  eadi  sample  in  pH  1, 0.69f  Nad  as  described 
above,  with  the  firm!  poteiriial  at  1.9  V  m.  SCE.  Samples 
were  removed  from  the  odl  and  rinsed  in  distilled  deiim- 
Ized  water  AES  was  performed  on  a  Perkin  Ehner  PHI  600 
qrstam  utilizttv  a  9  keV  beam  ^crated  at  0.94  i»A.  %Nittar 
depth  profiling  was  perfonnad  with  a  3  keVAr*  ion  beam. 
The  partiettlar  Auger  dectron  transition  energies  utilized 


for  analysis  for  eadi  element  were  selected  at  Auger  ener¬ 
gies  as  dose  as  possible  to  each  other  for  different  elements 
to  obtain  comparable  escape  depths.  The  transition  ener¬ 
gies  used  were  TlunrflSeV.  Oni.-903  eV,  Moww-lfe  eV, 
andAliu.-1306eV. 

X-«ay  photodeetroB  qMctroeeopy  (BPS)  was  performed 
on  a  Kimtos  XSAM800  utilizing  a  x-ray  source  oper¬ 
ated  at  13  kV  and  20  mA,  perpendicular  to  the  sample  sur¬ 
face.  Samples  were  potnttostatfeally  hdd  at  -0.6  V  m. 
SCE  in  pH  1  0.6Jf  Nad  and  the  surfaces  mechanically 
abraded  with  SiC  paper;  therd>y  allowing  the  oxides  to 
reform  at  -0.6V.  Samples  were  rinsed  in  distilled  water 
iqMO  removal  fiom  the  cdL  The  following  peaks  were  used 
for  analysis:  Ti-2pM.  0-ls,  M6-3dM  and  3d^  Nb-3i^  and 
3du,  and  Al-2p.  Befemee  to  C  la  was  used  in  oeder  to 
account  for  specimen  charging. 


SUetrod>tmiatiyaed^at$MtyiapHl,  O.OJfNsdsofn- 
tioni. — BUetrodtanUtty. — Bqncsentative  anodic  polar¬ 
ization  data  are  reported  in  Fig.  1  and  2.  Figure  1  shows  the 
anodic  polarization  bdraviord  the  fiwr  different  materials 
(SHT  and  PA  9-21S,  grade  2,  and  grade  6)  in  a  particular 
sidutioo  (aerated  pH  1,  0.6Jf  Nad).  Flgim  2  reveals  the 
bdmvior  of  one  particular  amterial  (SHT  P-21S)  in  die  six 
solutiims  (0.6tfNaCl.  pH  1, 0.6Jf  Nad,  and  OJfHd,  eadi 
in  the  aerated  and  deamtod  oortditiaos).  It  nmy  be  seen  in 
Fig.  1  that  a  significant  increase  in  ano^  current  density 
is  observed  for  each  itutetial  at  ^^proximatdy  1.4  V.  This 
increase  in  anodic  current  density  corresponds  to  the  onset 


2.  Krpieieeteive  eiiuih,  peladsedee  senes  far  SHT  9-21S  b 

si - « - 6^1^^ A - t-f-- _ , 

IK  mmonie 
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Metal  Oxide  Phase 

Elements) 

Fig.  3.  Proposed  circuit  model  for  o  passive  timinium  surface  ex- 
OSM  to  an  aqueous  solution. 

f  oxygen  evolution  and  is  not  due  to  pitting.  This  result 
as  been  confirmed  by  optical  microscopy  which  did  not 
how  evidence  of  pitting.  This  has  also  been  confirmed  by 
thers,  who  have  stated  that  pitting  is  not  observed  on  tita- 
ium  in  room  temperature  chloride  solutions  until  +9  V  is 
eached.”  Additionally,  Fig.  1  reveals  that  SHT  3-2  IS  has 
he  highest  passive  current  density  of  all  of  the  materials, 
“his  was  true  in  all  the  NaCl  solutions  examined.  In  con- 
rast,  the  magnitudes  of  the  passive  current  densities  of  the 
ther  materials  varied  between  solutions  and  were  proba- 
ly  within  experimental  error. 

Figure  1  additionally  reveals  that  the  open-circuit  poten- 
ials  for  all  of  the  materials  are  within  experimental  vari- 
bility  for  one  material.  Grade  6  Ti,  which  approximates 
he  composition  of  the  o-precipitates  in  the  PA  3-21S,  has 
similar  open-circuit  potential  to  that  of  the  SHT  materi- 
Is.  This  similarity  indicates  that  galvanic  cells  are  unlikely 
etween  the  3-titanium  matrix  and  the  a-precipitates  in 
he  PA  materials  in  this  solution.  Further,  no  distinct  in- 
reases  in  anodic  current  density  are  observed  at  applied 
lOtential  corresponding  to  the  thermodynamic  oxidation 
otentials  of  the  alloying  additions. 

Figure  2  displays  the  polarization  curves  for  SHT  3-21S 
n  the  six  solutions.  As  the  pH  decreases,  the  passive  cur- 
ent  density  increases.  Additionally,  all  of  the  materials  are 
lassive  with  no  pitting  observed  at  potentials  as  high  as 
.7  V  vs.  SCE.  Moreover,  no  significant  differences  are  ob- 
erved  between  the  aerated  and  deaerated  conditions, 
xcept  for  a  slightly  higher  passivj  current  density  ob- 
erved  in  deaerated  5M  HCl.  The  lack  of  effect  of  deaera- 
ion  has  been  observed  previously  by  others  in  abrasion 
xperiments.” 

From  Figure  2,  we  see  that  the  oxygen  evolution  reaction 
ate  becomes  small  relative  to  the  passive  current  density  at 
.0  V  in  5Af  HCl.  This  may  be  due  to  increased  difficulty  for 
lectron-tunneling  through  the  semiconducting  passive 
ilm  which  thickens  with  increasing  potential.  This  phe- 
lomenon  was  observed  in  all  solutions  and  on  all  materials, 
Ibeit  at  different  potentials. 

In  situ  characterization  of  passivity. — EIS  was  used  for 
»  situ  characterization  of  the  passive  layer.  A  proposed 
ircuit  model  for  the  electrochemical  interface  may  be  seen 
ti  Fig.  3.  This  model  includes  C„  which  represents  the 
pace  charge  capacitance  of  a  compact  nonporous  oxide. 
!he  model  also  comprises  a  double-layer  capacitance  (C^,) 
t  the  oxide/solution  interface.  Constant-phase  elements 
re  used  to  better  represent  the  nonidealities  of  such  capac- 
lances.  EIS  data  is  interpreted  in  the  context  of  this  model. 
The  impedance  response  of  SHT  3-2 IS  exposed  to  aer- 
ted  pH  1 , 0.6Af  NaCl  is  seen  in  Fig.  4a  and  b.  As  the  poten- 
lal  is  increased,  the  low  frequency  impedance  decreases, 
hrther,  as  the  potential  is  made  more  positive  with  respect 


to  the  open  circuit,  the  emergence  of  two  time  constants  is 
seen.  This  occius  until  1.8  V  is  reached,  wherein  the  two 
time  constants  merge  again.  At  these  potentials,  deconvo¬ 
lution  of  the  data  becomes  increasingly  difficult.  However, 
good  correlation  was  obtained  between  the  model  and  the 
experimental  data,  as  seen  in  Fig.  5. 

It  was  hypothesized  here  that  the  high  frequency  time 
constant  was  attributable  to  the  oxide  and  that  the  low 
frequency  time  constant  was  attributable  to  the  parallel 
Hd/Cdi  combination.  Tb  confirm  this  hypothesis,  compari¬ 
son  was  undertaken  between  impedance  derived  oxide 
thickness  and  ellipsometric  titanium  oxide  thickness  at 
various  potentials  in  O.IM  HC1.“  Impedance  spectra  for 
grade  2  H  were  obtained  at  0,  2,  4,  6,  and  8  V  vs.  NHE 
(normal  hydrogen  electrode) ,  with  the  specimen  prepared 
in  identical  fashion  to  those  of  the  ellipsometric  study.” 
Utilizing  a  dielectric  constant  of  100  for  HO]  in  conjunc¬ 
tion  with  the  obtained  value  for  C„,  a  good  correspondence 
was  obtained  for  the  oxide  thickness  (Fig.  6).  This  result 
confirms  the  hypothesis  that  the  high  frequency  time  con¬ 
stant  was  indeed  attributable  to  the  oxide. 

The  charge  transfer  resistance,  R„,  is  approximately  one 
order  of  magnitude  larger  than  the  oxide  resistance,  Ii„,  at 
the  lower  potentials.  Therefore,  we  conclude  that  the 
charge-transfer  reaction  is  the  rate-determining  step  and 
dominates  the  passive  dissolution  of  the  alloys.  Also,  for 
grade  2  Ti  in  aerated  pH  1 , 0.6Af  NaCl  increases  with  poten¬ 
tial  until  approximately  1.2  V  whereupon  the  charge-trans¬ 
fer  resistance  begins  to  decrease.  The  decrease  in  the 
charge-transfer  resistance  coincides  with  the  onset  of  oxy¬ 
gen  evolution,  as  discussed  earlier. 

Oxide  thickness  and  apparent  resistivity  were  calculated 
from  the  parameters  obtained  by  circuit  fitting.  The  oxide 
thickness  may  be  calculated  by  utilizing  the  equation 

^  111 

where  d„  is  the  oxide  thickness,  C„  is  the  oxide  capaci¬ 
tance,  c  is  the  dielectric  constant  of  the  oxide,  e.  is  the 
permittivity  of  free  space,  and  A  is  the  surface  area.  The 
apparent  oxide  resistivity  may  be  calculated  as  follows, 
assuming  that  it  varies  linearly  with  thickness.  From  Eq.  1 


[21 


Assuming  that 


P«  =  Ro, 


[31 


and,  substituting  Eq.  2  into  Eq.  3,  the  following  equation  is 
obtained 


P„  =  [41 

Equation  4  provides  an  indication  of  apparent  oxide  resis¬ 
tivity  that  is  independent  of  geometric  thickness. 

Figures  7  and  8  show  plots  of  the  oxide  thicknesses  and 
apparent  resistivities,  respectively,  vs.  potential  for  the  ma¬ 
terials  in  aerated  pH  1  solution,  utilizing  a  dielectric  con¬ 
stant  of  100  for  all  materials.  The  oxide  thicknesses  in¬ 
crease  linearly  with  increasing  potential  and  the  growth 
rate  of  the  3-2  IS  alloys  is  less  than  that  of  either  grade  2  or 
grade  6  H.  The  oxide  growth  rate  for  grade  2  Ti  (approxi¬ 
mately  23  A/V)  corresponds  with  earlier  observations  for 
commercially  pure  titanium  in  O.IM  HC1.“  Additionally, 
the  apparent  oxide  resistivity  decreases  with  potential,  im¬ 
plying  that  the  oxide  is  becoming  increasingly  defective. 
Handbook  values  for  bulk  TiOj  resistivity  are  in  the  range 
of  10'’-10‘*  fl  cm,”  while  calculated  values  from  the  exper¬ 
iments  here  yield  values  in  the  10’  to  10‘“  range,  depending 
on  potential.  This  discrepancy  may  be  because  a  10-50  A 
oxide  grown  in  solution  is  more  electronically  and/or  ioni- 
cally  defective  than  a  bulk  three-dimensional  oxide,  the 
oxide  incorporates  alloying  additions,  oxide  hydration,  or 
chloride  ion  incorporation.  Tomashov  et  at.  have  expressed 
a  similar  viewpoint  in  their  review  of  the  passivity  of  a 
broad  range  of  Ti  base  alloys.'*  The  relative  rankings  of  the 
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oxide  thickness  and  apparent  resistivity,  from  the  material 
with  the  hifdwst  proparty  to  that  with  the  lowest,  varied 
mmsystematically  Ixam  solutiim  to  solutiat. 

Exsitueharaeterization  ofpatsivHy. — AES  was  conducted 
on  SHT  P-21S  previously  eiqxMed  to  aerated  pH  1,  0.61lf 
NaCl  at  1.5  V  vt.  SCE.  A  sputter  depth  profile  is  shown  in 
Fig.  9.  The  pH  1, 0.$M  Nad  solution  was  chosen  lor  ex  situ 
characterization  experiments  because  its  aggressiveness  is 
between  that  of  5M  HCl  and  0.8M  Nad.  EIS  experiments 
were  performed  every  300  mV  from  open  circuit  up  to  1.5  V 
os.  SCE,  so  that  the  oxide  exmnined  by  AES  aft«  sample 
removal  frmn  the  electrochemical  experienced  the 
same  history  as  in  the  dc  aid  ac  experiments  discussed 
earlier.  Due  to  the  small  amount  of  Nb  (atomic  number  41) 
in  the  bulk  alloy  and  significant  peak  overlap  with  Mo 
(atomic  number  42) ,  the  Nb  concentration  cannot  be  accu¬ 
rately  determined  and  is  not  shown.  Na  or  d  peaks  were 
not  detected.  Figure  9  shows  that  the  passive  film  is  rich  in 
O  and  Tl  at  an  approximate  composition  of  TtOj.  The  con- 
centratiim  of  A1  throughout  the  passive  film  appears  con¬ 
stant  at  the  concentration  observed  within  the  bulk  alloy. 
The  increase  in  Mo  concentration  as  the  base  metal  is  ap¬ 
proached  has  been  seen  elsewhere  in  fi-titanium  alloys.'* 


This  increase  has  been  attributed  to  a  lower  mobili^  of  Mo 
ims  throu|d>  fb*  passive  film  relative  to  Tl  catioas.'*  The 
low  concentratfam  of  alloying  additions  within  the  passive 
film  may  explain  the  similar  passive  dectrochemical  be¬ 
havior  observed  between  P-21S  and  grades  2  and  6  TL 

Tb  determine  an  oxide  thickness,  a  grade  2  Tl  standard 
was  used.  EIS  experiments  were  performed  in  the  maimer 
discuned  above,  with  the  thickn»  determined  after  a  fi¬ 
nal  potential  of  1.5  V  os.  SCE  was  reached.  The  oxide  thick¬ 
ness  was  cmnputed  utilizing  a  dielectric  constant  of  100. 
The  oxide  was  sputter  depth  profiled  to  determine  the 
beam  sputter  rate.  This  rate  was  utUized  to  determine  file 
thickness  of  the  fi-21S  sample,  assuming  a  uniform  sputter 
rate.  The  oxide  thickness  was  chosen  to  be  the  thickness  at 
vdiich  the  concentration  of  oxygen  is  one-half  its  maxi¬ 
mum.  The  oxide  thickness  for  SHT  3-21S  was  24  A  at  1.5  V 
os.  SCE.  This  value  is  in  agreement  with  the  value  deter¬ 
mined  by  EIS  (Fig.  7). 

From  AES,  we  see  that  there  is  little  incorporatimi  of 
alleging  additions  into  the  outer  layers  of  the  passive  fti«w 
The  minimizatiim  of  alloying  additiona  in  the  passive  Aim 
may  account  for  the  similar  passive  dectroehemical  behav¬ 
iors  of  SHT  and  PA  S-21S,  grade  2  and  grade  6  titanium  as 
observed  here  by  both  the  dc  and  ac  methods. 
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Tb  an  oxide  fonned  in  solution,  XPS  experi¬ 

ments  weR  perfonned  on  oxide  filmii  of  SHT  0-21S,  PA 
^-21S,  and  s^^de  2  Tl  formed  at  -0.6  V  os.  SCT  foUoudng 
medumical  aorasian  with  SiC  paper  in  aerated  pH  1, 0.6M 
NaCL  XPS  revealed  that  the  compositions  of  the  oxides  on 
both  PA  and  SHT  9-21S  were  similar.  All  oxides  were  pre¬ 
dominantly  TIO],  with  small  amounts  of  MoOt,  BfoOj, 
Nb|0„  and  A1,0|  also  detected  within  the  oxides  on  R-21S 
(Ihble  m).  The  pa^cular  oxidation  states  seen  here  are  in 
agreement  with  observations  on  other  g-titanium  alh^** 
The  smaller  peaks  associated  with  all  alloying  additions 
occurred  at  binding  energies  which  were  consistent  with 
theii  being  oxidised.  Table  IQ  contains  the  ener^es  of  flM 
obtained  photoelectron  peaks,  the  corresponding  hand¬ 
book  values  for  the  conqxnmds  attributed  to  these  peaks,** 
and  the  formation  potentials  for  such  oxides  over  a  range  of 
potentials,*''**  since  the  surface  pH  upon  mechanical  desta¬ 
bilization  of  the  oxide  film  is  not  known.  For  Mo,  theobs«^ 
vation  of  HoO,  is  consistent  with  the  participation  of  hy¬ 
drated  MoO]  (f^MoOJ.*'  Because  most  heravalent  Mo 
compounds  have  nearly  identical  binding  energies,**  the 
binding  energy  of  H|Bdo04  is  assumed  to  be  equal  to  that  of 
MoOi.  The  similar  oxide  compositions  may  explain  the  sim¬ 
ilar  electrochemical  behaviors  of  the  PA  and  SHT  nuteri- 
als.  Moreover,  there  is  no  evidence  suggesting  that  the  oxi¬ 
dation  mechanism  of  P-2  IS  is  different  tern  that  of  grade  2 
TiinpHl,0.6MNaCL 

EUetTochemiatTy  and  pastivity  in  0.6M  Nad  tolutions, — 
Elcctrochemutry  and  in  situ  charaeterization  of  pastiv~ 


Bg.d.ConiporiioiiefeKidalliklaiaiiiiewgrada2Tieiohndio« 
of  oppfad  potonlial  to  ihot  found  In  dm  fitwotove.** 


tty. — The  behavior  of  the  titanium  alloys  in  neutral  0.6M 
NaQ  (Fig.  10)  was  similar  to  that  observed  in  pH  1  adjusted 
solutions.  The  passive  current  densities  for  all  the  materials 
were  lower  in  the  neutral  solution  than  in  pH  1.  These  cur¬ 
rent  densities  were  confirmed  by  impedance  measurements 
wherein  the  charge-transfer  resistimees  ediich  dominate 
the  polarization  resistance  and,  hence,  the  passive  current 
densities  were  hi^tm:  Additioi^y,  the  oxide  resistances 
appeared  to  be  hi^er  for  the  neut^  solutions  due  to  both 
increased  apparent  oxide  reristivity  and  increased  oxide 
thickness. 

As  in  the  pH  1  solutions,  there  appeared  to  be  no  dis¬ 
cernible  difference  between  aerated  and  deaerated  condi- 
tioDs.  Additionally,  as  in  previous  experiments,  SHT  P-21S 
displayed  the  highest  passive  current  density  iff  all  the  ma¬ 
terials  examined.  The  open-circuit  potentials,  including 
grade  6  n,  were  within  experimental  variability,  again  in¬ 
dicating  Uiat  no  significant  galvanic  couples  are  present  in 
the  PA  material. 

Cathodic  polarization  scans  (Fig.  11)  performed  in  deaer¬ 
ated  0.6M  NaCl  indicated  exdumge  current  densi¬ 
ties  for  the  hydrogen  evolution  reaction  (HER)  on  the  p-ti- 
tanium  materials,  ranging  from  2.0  x  10~"  to  4.8  x 
10~"  A/cm*.  Althou^  these  are  hi^ier  than  that  fourui  for 
grade  2  TI  (1  X  10~'*  A/cm*),  the  exdiange  current  densities 
are  far  below  those  found  for  the  HER  on  pure  Mo  ami  Nb,** 
which  are  the  major  alloying  addifions.  This  result  ag^ 
suggests  that  there  is  a  low  concentration  of  alloying  addi- 
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Fig.  7.  RslaliOMtiip  baiweaii  euida  dijcfaiaiw  and  potonlial  far 
SHT  ^  PA  P-21S,  grade  2 1i  and  gnA  6 1i  aapMod  to  oaratod  pH 
1, 0AM  Noa  A  dMladric  camtoni  of  100  wot  otoMnod. 
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tions  incorporated  into  the  outer  layers  of  the  passive  filma 
of  SHT  and  PA  6-21S  and  that  the  TLOrKloininated  oxide 
may  account  for  the  similar  passive  eleebochemical  heav¬ 
ier  observed  for  all  the  materials  examined  in  neutral  0.6M 
NaCL 

EleetroehemistTy  and  pauiaity  m  SM  HCl  solutions. — 
EUctroehemistry. — All  the  materials  examined  were  pas¬ 
sive  in  aerated  Silf  HCl  except  for  grade  2  Tl  which  dis¬ 
played  an  active/passive  transition  (Fig.  12).  Ottiers  have 
observed  that  for  commercially  pure  Tl,  an  active/passive 
transiticni  is  present  in  SJf  HCl**  but  not  in  O.IM  HQ** 
(approximately  pH  1).  The  more  active  open-circuit  poten¬ 
tial  of  grade  2  Tl  etubles  the  observation  at  the  active/pas-' 
sive  transition.  Tb  verify  the  existence  of  such  a  transition 
on  the  other  materials,  similar  esperiments  were  per¬ 
formed  in  deaerated  5M  HCl  (Fig.  13).  An  active/passive 
transition  occurs  on  all  the  alloys  in  deaerated  SM  HQ, 
except  for  Sin*  P-21S,  vdiich  h^  a  significantly  higher 
open-circuit  potratiaL  A  similar  result  was  observed  by 
Laser  and  Marcus'*  forbeum(Tl,  11.5%  Mo,  4.5%  Sn,  6% 
Zr)  which  exhibited  spontaneous  passivity  adien  pure  Tl 
showed  an  active/passive  transition  in  a  pH  2.3  electrolyte. 
Previous  research  has  observed  an  active/passive  transition 
on  other  p-titanium  alloys  (Tl-13V-llCr-3  Al)  in  20%  HQ 
(6.5Af),  albeit  at  35*C.’*  A  transition  was  observed  in  5% 
HQ  (i.6M)  at  65*C.**  In  general,  increasing  traqwratures 
tend  to  promote  the  development  of  an  active/passive  tran¬ 
sition  at  fixed  HQ  concentration.**.The  open-circuit  poten¬ 
tial  of  SHT  P-21S  is  more  noble  than  that  of  both  PA  P-21S 
and  grade  6  Tl,  indicating  that  the  a-phase  lowers  the 
open-circuit  potential  of  PA  P-21S.  An  active^panive  tran¬ 


AES  fpslisr  dipdi  pioHe  a(  SHT  P-21S  asposed  to  oeralad 
pH  I,  AAMNoCL 


sition  is  observed  in  addition  to  an  increased  passive  cur¬ 
rent  density.  Moreover;  a  galvanic  couple  between  the  a  and 
P-phases  may  be  present  under  these  conditimu. 

The  Mo/Nb  alloying  addition  promotes  spontaneous  pas¬ 
sivity  on  SHT  P-21S  in  deaerated  SM  HQ  Howevm;  it  was 
unclMr  if  the  lack  of  an  active/passive  transitkm  is  due  to 
an  actual  effect  ujmn  the  anodic  oxidation  process  or 
ediether  increased  cathodic  kinetics  (exchange  current 
density,  or  lower  Tkfel  slope)  raised  the  open-circuit  poten¬ 
tial  ab^  such  a  transition.  Therefore,  cathodic  srans  on 
SHT  P-2  IS  in  deaerated  5M  HQ  were  performed.  Aldwu^ 
the  exdiange  current  densify  for  the  HER  on  SHT  P-21S  is 
hitler  than  that  on  the  a-elfoys  (Ikble  IV),  it  is  not  hifpi 
enou^  to  account  for  a  300  mV  increase  in  the  i^ien-cireuit 
potentiaL  PA  P-21S  supports  a  hi^ier  exchange  current 
density  for  hydrogen  evolntian  than  SHT  P-21S,  even 
thou^  its  <q>ai-circuit  potential  is  lowec  Therefore,  we 
conclude  that  the  presence  of  Mo  and  Nb  affects  the  anodic 
process,  rendering  titanium  qxmtaneously  passive  in 
deaerated  5M  HQ  The  exact  process  by  whidi  the  material 
is  rendered  passive  is  unknown.  One  hypothesis  is  that  in¬ 
corporation  of  Mo**  into  a  normally  nonprotective  Ti|0| 
film  renders  it  more  protective.  Another  hypothesis  is  that 
Mo  in  the  solid  state  lowers  the  oxidation  rate  of  the  metal 
substrate  beneath  the  nonprotective  film.  A  nonprotective 
TifOi  film  exists  in  the  {wtcntial  region  associated  with  the 
active/passtve  transition  on  TL*’  It  is  possible  that  elemen¬ 
tal  Mo  occupies  kink  sites  to  impede  metal  dissolution.  Ad¬ 
ditionally,  others  have  put  forth  models  »«pi«iwiwg  benefi¬ 
cial  effects  of  Mo  on  passive  films  that  may  be  applicable 


2777 


JL  OtcUrDCham.  Soc:.  Vol  140.  Na  10,  Odobar  1993  C  Th*  DacttBciwBUcai  SocMy,  ine. 


1 1.  CoAodk  pokriaolian  scon  far  SHT  0*21$,  M  0>21S, 
2  li,  and  gramili  tgipeMd  to  (MM 


hare,**  however  these  theories  require  the  presence  of  Mo** 
which  is  not  thermodynamicsUy  stable  over  a  portion  of 
the  potential  range  we  have  enunined. 

A  pitting  potential  was  not  observed  for  any  alloy  in  5M 
Hd  up  to  2.0  V  vs.  SCE.  Furthermore,  the  pa^ve  current 
densities  for  all  the  materials  were  hipest  in  SM  HCL  As  in 
Nad  sdlutions,  SHT  0-21S  diqday^  the  highest  passive 
current  density  of  all  of  the  materials  in  aerated  SM  Hd, 
but  PA  0-21S  displayed  a  hi^ier  passive  current  density  in 
dnera^  SM  H^ 

The  peak  current  density  for  PA  0*21S  in  SMHd(4.S  x 
10~*  Afcm*),  the  most  aggressive  solution  examin^  is 
two  orders  of  magnitud*  too  low  to  account  solMy  for  the 
dowest  crack  grmrth  rates  observed  (10**  mm^,  2.54  x 
10**mm/min  displacement  rate).*  Tlierefore,  we  conclude 

that  Mglily  InraHwd  macliaiifral  tt^ataMUTmHnn  thopaa- 

dve  film  is  requited  for  EAC  of  these  alloys  evoi  after  crack 
t4>  cation  hydrolysis  and  addification,  regardless  of  the 
exact  mechanism  of  EAC. 

in  situ  chaneterization  ofpassMty. — Tmpadanga  spectra 
for  grade  2  Ti  eiqxMed  to  aerated  SM  Hd  in  the  active 
range  display  disthict  taro  time  constant  bdiavior  althou^ 
the  polarization  curve  indicates  that  the  material  is  active 
upon  anodic  pdarization  over  a  wide  potential  range. 
However,  active  bdwvior  does  not  imply  that  no  oxide  is 
present  Other  reseaidwcs  have  stated  that  even  in  the  ac¬ 
tive  region,  dissoluti<m  is  stron^y  inhibited  by  an  oxide 
arhich  apparently  can  exist  metastably  even  in  strong  add 
solution.”  It  was  hypothesized  that  steady-state  dhmlu- 
tion  may  proceed  tluough  oxide  formation  and  dissolution 
steps.**  Others  have  noted  that  in  the  active  region,  a 
porous  film  of  TWOi  is  present?* 


Good  correlation  betaroen  the  pn^wsed  inq>edance  cir¬ 
cuit  model  and  data  eras  observed  fw  all  the  materials  in  all 
the  examined  solutiaos  except  SM  HCL  Figure  14  diq>lays 
the  impjdane*  rcqMnse  of  PA  0-218  in  aerated  5M  HQ  at 
five  different  potentials.  Additional  time  constants  (le., 
low  frequency  inductive  looping)  are  present  in  the  qiectra 
that  are  not  seen  in  ai^  spectra  from  other  solutions.  The 
origin  of  this  loofdng  is  unclear  but  it  may  indicate  a 
change  in  the  prcqperties  of  the  dectzochemical  interface. 

Impedance  ^ectia  sifflilapto  that  seen  for  P-21S  exposed 
to  aerated  SM  HCl  have  been  observed  b7  others. 
Inqiedance  bdiavior  of  A1  exposed  to  0AM  Nad  bdow  its 
pitting  potential  displayed  low  frequency  looping.**  This 
looping  was  attributed  to  a  diffusion-controlled  process 
within  tiie  oxide.  Others  have  suggested  that  a  buildup  of 
surfsee  charge  at  the  metal-oxide  interface  may  yield  simi- 
lar  behavior:** 

Althnngh  Hit  r^wrire**""  «nmp«  <n  Mratad  SM  HQ  di«- 
played  a  potential  independent  region  indicative  of  passiv¬ 
ity,  it  was  of  interest  to  confirm  this,  as  the  inqwdance 
spectra  did  not  yield  good  agreement  with  the  pnqrosed 
dreuit  model  for  passivated  titanium.  Therefore,  rotating 
disk  electrode  erqpieriments  were  undertaken  to  distinguish 
possiUe  anodic  mass-transport  control  from  passivity.  If 
the  tystem  was  passive,  the  bdiavior  of  the  system  within 
the  passive  reglan  should  be  fluid  vdodty  and,  hence,  rota¬ 
tion  rate  independent.  However;  if  the  system  was  anodi- 
cally  mass-truqport  limited,  a  diange  in  anodic  current 
density  would  be  observed  as  a  function  of  rotation  rate. 
Anodic  polarization  experiments  conducted  with  PA  0-2  IS 
at  0,250, 1000,  mid  5000  rpm  in  aerated  5M  HQ  ate  illus¬ 
trate  in  Fig.  15.  There  is  no  discernible  effect  ^  rotation 
on  the  anodic  current  density  of  PA  0-21S  in  its  tegkm  ot, 
potential  independent  bdiavioc  Thoefare,  we  condude 
that  0-21S  is  panive  in  aerated  5M  HCL 

Ei^etinientsin5MHgptovedtobebenefidalindud- 
dating  the  effect  of  Mo/Nb  additions  on  the  passivity  of 
0-21S.  The  alloying  additions  promote  formatiim  of  a  pas- 
dve  film  on  SHT  ^21S  in  deaerated  5M  HCl  by  not  <mly 
increasing  cathodic  kinetics,  therdiy  raidng  the  open-dr- 
cuit  potential,  but  by  affecting  the  anodie  access  as  wdL 
PA  0-21S  undergoes  an  active^jiassive  transttiim,  indicat- 
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ing  that  the  a*precipitatei  within  the  8-iBattix  ore  delete¬ 
rious  to  the  fonnation  of  a  passive  laycc  This  condition  is 
confirmed  since  grade  6  Tl,  vriiich  xou^y  models  the  a- 
predpitates,  was  active  in  dMerated  SMHCl  up  to  approx¬ 
imately  -O.IS  V  vt.  SCE. 

Condusion 

Analysis  of  the  passive  film  on  Mo  and  Nb  stabilixed 
3-titanium  alloy  0-21S)  in  room  temperature  solutions 
simulating  cradc  tip  chemistries  possible  in  marine  envi¬ 
ronments  has  been  performed  utiliring  both  de  and  ac 
methods.  There  ore  no  major  electrochemieal  differences 
between  8-21S  exposed  to  0.6MNaa  and  pH  1. 0.tfMNaQ 
in  its  PA  and  SRT  forms,  althou^  SHT  ^21S  almost  d- 
ways  yielded  the  largest  passive  current  density.  Moreover; 
significant  differences  do  not  exist  between  either  the 
model  precipitate  (grade  6  Ti)  or  commercially  pure  11 
(grade  2  Ti)  and  P-21S  In  the  NaCl  solutions.  Tl^  fimHng 
suggests  that  thm  is  minimal  galvanic  interaction  be¬ 
tween  the  matrix  and  precipitates  in  PA  3-21S  in  the  NaQ 
environments.  All  the  alloys  woe  spontaneously  passive  in 
the  NaCl  solutions  examined  and  no  pitting  potentials  were 
observed  up  to  2.1  V  os.  SCE.  However;  esperiments  in 
deaerated  5M  HCl  reveal  an  active/tMasive  transition  for 
all  alloys  except  SHT  8-21S,  indicating  that  the  a<^iacipi- 
tates  in  PA  P-21S  have  a  ddeterioua  effect  upon  passivity 
and  that  lo^  galvanic  coupling  between  the  a-  and  ^ 
phases  may  occur  Both  the  ano^c  and  cathodic  kinetics 


were  affected  by  the  Mo/Nb  additions  in  8-21S.  Rotating 
disk  electrode  experiments  confirmed  that  8-21S  is  passive 
in  a  5M  HO  environment  Similarity  of  hyihogen  evolntiao 
kinetics,  the  lade  of  observed  alloying  action  oxidation, 
and  AES  and  XPS  studies  indioite  limited  incorpmation  of 
alloying  additions  into  the  passive  film  in  the  NaO  solu¬ 
tions.  The  passive  film  on  aU  TI  alloys  was  predominantly 
TlOi  with  lesser  amounts  of  oxidised  Mo,  Nb,  and  A1  oon- 
taiti^  in  the  oxides  on  3-21S.  The  small  quantity  ci  alloy¬ 
ing  additions  within  the  passive  film  may  account  for  the 
similar  passive  dectrodiemical  bdiaviors  observed  among 
the  studied  alloyx  All  the  alloys  in  this  study  yielded  peak 
current  densities  that  were  too  low  to  account  solely  for 
crack  growth  rates  obaerved  in  separate  studies,  even  after 
cradr  tip  addificatioo.  The  passive  film,  therefore,  must  be 
mechanically  destabilized  to  account  for  ttrese  cradr 
growth  rates,  regardless  of  the  exact  medumism. 


The  authors  adoaowledge  the  Office  of  Naval  Beseardi 
(Grant  No.  N00014-91-J-4164)  and  the  Virginia  Center  f«r 
Innovative  Tbdmology  for  thdr  support  of  this  woric.  The 
authors  also  fiiank  Titanium  Metals  Corporatitm  for  their 
generous  donation  of  alloys.  The  authors  acknovriedge  Dn 
K  Bajdes  and  the  Naval  Research  Laboratory  for  he4>  vvith 
AES  estyeriments,  S.  McCartoey  and  Virginia  Polytechnic 
Institute  for  help  with  XPS  eqwriments,  and  L.  Young,  G. 
Young,  and  R.  P.  Gangloff  for  hdpful  disfussirms. 


1S.ABodkpeloriaa<eaieipemaafafA3-21SielulinqdMk 
cleekode  i,  eerehd  5/.f  lO. 


Manuscript  submitted  April  2, 1993;  revised  mamiscrtot 
received  June  18, 1993.  This  was  Paper  144  presented  at  the 
Tbnmto,  ON,  Canada,  Meeting  of  the  Society,  Oct.  11-16, 
1992. 

The  ViUvenitu  of  Virginia  asauted  in  meeting  the  pubti- 
cation  costs  oftmeamae. 


1. 


REFERENCES 

Titanium  and  Its  AUoyt,  Titanium  Devdopment  Asso¬ 
ciation.  Boulder;  CO  (1992). 

2.  D.  N.  Vniliams,  J.  fnst.  Met.,  91, 147  (1962-1963). 

3.  H.  G.  Nelson,  in  First  Thermal  Structures  Conference, 

E.  Thornton,  Editor;  p.  301,  University  of  wiginia, 
Chariottesville,  VA  (1990). 

4.  D.  N.  Fagffarul  W.  F.  Spun;  TVqns.  ASM,  61, 283  (1968). 

5.  H.  G.  Ndson,  D.  P.  Wuliams,  and  J.  E.  Stein,  Metall. 

Trane.  A,  33, 469  (1972). 

6.  A.  D.  McQuillan,  Froc.  R.  Soc.  London,  Sd;A,  264, 309 

(1950). 

7.  T  R.  Beck,  Corrosion,  30, 408  (1974). 

8.  L.  M.  Hjrte^  a^  R.  P.  Gangloff.  Proeeedinge,  Seo- 

o"  S.  H.  Ftoes,  Ed¬ 

itor;  T^fS-AIME,  Warrendale,  PA  in  press. 


2779 


J.  Oae$nxhtm.  Sac.,  VoL  140,  No.  10,  Odobor  1993  e  Tit*  Elaeiraeiwniical  SocMy,  kie. 


10.  N.O.Tbiuaho«;G.P.Chnnova.1i:s.Euscol,andG.  A. 

Amum,  gUetroeMm.  AcUl,  19,  IM  (1974). 

11.  J.  S.  Cmuman,  ProettdiiiM,  Seventh  World  Cottfer- 

enee  on  TUanium,  S.  H.  Froct,  Editor,  TMS-ADffi, 
Wumdalc,  PA,  ia  pven. 

13.  P.  A.  ICftotli,  S.  G.  Strinemann,  and  J.  P  Simpacn,  in 
Proeeedintt  oftheSixtii  World  Conference  on  TIta- 
nhan,  P.  Lacoinbc,  R.  IMcot,  and  G.  Bdrangct; 
tens.  p.  1759  (1989). 

13.  R.W.  SonitzandJ.S.Grauman.iniiidMtrjaiAppUca- 

tteHU  o/  ntaatem  end  Zirconium:  Femrth  IMitmc, 
ASTM  STP  917,  C.  S.  Young  and  J.  C.  Durham,  Edi¬ 
tors,  p.  130,  AmaricanSod^tenltetingandlfate- 
rials.  niiladdnhia  (1986). 

14.  D.  Laser  and  H-  L  Marcus,  Thia  Journal,  127,  783 

(1980). 

19.  J.  A.  Petit,  D.  Ddaunay,  D.  Leroy,  and  G.  Chatainie^ 
Proceedings,  Fourth  mrfai  Conference  on  Titanium, 
H.  Kimura  and  O.  Izumi,  Editors,  p.  1363,  TMS- 
AIME,  WatTsndalc,  PA. 

18.  P.  KofsUd,  K.  Hauffe,  and  H.  KJolesdal,  Acta  Chem. 
SeantL,  13. 239  (1958). 

17.  D.  G.  Kdman  and  J.  R.  Scully,  Unpublished  research. 

18.  G.A.young.Jr..andJ.R.Sc^.UVAR«MrtNo.UVA/ 

535464^2^93/101,  October  1992. 

19.  G.  A.  Young,  Jc,Mast^  Thesis,  University  of  Virginia, 

Caiartottesville,  VA  (1993). 

20.  Metals  Handbook,  8th  ed,  VOL  8,  American  Society  for 

Met^  Metals  Park,  OH  (1073). 

21.  E.  W.  Colllngs,  PhyeicalMettJlurgy  of  Ti  Alloys,  n.  70. 

ASM  Intematio^  Metals  Pa^  OH  (1984). 

22.  J.  R.  MacDonald,  Comjdex  Nonliiear  Least  Squares 

Pnmitance  Fitting  Program,  University  of  North 
Cardins,  Chapd  fal^NC.  Vtrsion  3.02. 

23.  P.  O.  Garland,  SINTEF  publication  STF16-A88085, 

Thmdheim,  Norway  (1988). 

34.  T  R.  Beck,  I,ooaltxedOorrotioii,B.F.  Brown  etoi..  Ed¬ 
itors,  p.  644,  NACB,  Houston,  TX  (1974). 


25.  R.  W.  Powers  and  3.  F.  WUfoce.  in  Fundamentals  o/ 

Electrochemical  Madtining,  C.  L.  Faust, 
p.  135,  The  Electrochemical  Society^  Inc..  Princeton. 
NJ  (1971). 

26.  B.  F.  Brown,  C.  T  Fuhi.  and  E.  P.  Dahlbetg.  This  Jour¬ 

nal,  116, 218  (1969P 

27.  N.  D.  TOmashov  and  L.  P.  Vershinina.  Eleetroehim. 

Acttt^  15. 501  (1970). 

28.  T  (Xitsttka,  M.  Masuda,  and  N.  Sato,  This  Journal.  133, 

787  (1985). 

29.  Handbook  of  Chemistry  and  Physics,  04th  ed.,  R.  C. 

Weast,  Editor;  p.  E-55,  Chemical  Rubber  Publishing 
Co.,  Boca  Raton.  FL  (1983-1984). 

30.  Handbook  of  X-ray  Photodeetron  Speetroseopy,  C.  D. 

Editots,  Perkin  EhnerCotp..  Norwalk, 

31.  Atlas  of  Eleetrodtemieal  EquUibria  in  Aqueous  Sobt- 

ti^  M.  Pourbaix,  2nd  ed.  NACE,  iWton.  TX 
(1W4). 

32.  W.  Ykng,  R.  fn,  H.  Hua,  and  A.  Pourbaiz,  Corros.  ScL, 

247691  (1984). 

33.  W.  E.  Swartz  and  D.M.  Hercules,  Anal.  Chem..  43. 1774 

(1971). 

34.  B.  E.  Conway,  Electrochemical  Data,  Elseviet;  New 

York  (1952). 

35.  A.  Cipnni  and  J.  R  Frayret,  Eleetroehim.  Acta.,  24. 

83^979). 

36.  M.  Lety  a^  G.  N.  Sklover;  TTiit  Journal,  116,  323 

(I960). 

37.  H.  Xaesdre,  Metallic  Corrosion,  p.  265,  NACE,  Hous¬ 

ton,  TX  (1985). 

38.  D.  D.  Macdonald,  in  Critieal  Factors  in  Localised  Cor- 

rotion.  G.  S.  Frankd  and  R.  C.  Newman,  Editors,  PV 
92-9,  p.  1,  The  Electrochemical  Society  Proceedings 
Seri^  Penninston.  NJ  (1992). 

39.  X Acta..  18. 815 (1973). 

40.  J.  B.  Besaone,  D.  TL  Salinas,  C.  E.  Mayer;  M.  Ebert,  and 

W.  J.  Lorenz,  ibid..  27. 2283  (1992). 

41.  H.  J.  de  Wit,  C.  Vnjenberg,  and  C.  Crevecoeur;  This 

Journal,  126, 779  (19^ 


DISTRIBUTION  UST 


1-3  Dr.  A.  John  Sedriks 

Materials  Division.  Code  1131 
Office  of  Naval  Research 
8CX)  N.  OuiTK^  Street 
Arlington.  VA  22217-5660 

4  Mr.  Michael  Karp 

Administrative  Contr8K:ting  Officer 
Office  of  Naval  Research 
Resident  Representative 
101  Marietta  Tower.  Suite  ^5 
101  Marietta  Street 
Atlanta.  GA  30303 

5-6  F.  O’Bryant.  Clark  Hall 

7-12  R.  P.  Gangloff 

13  J.  R.  Scully 

14  R.  G.  Kelly 

15  W.  A.  Jesser 

*  SEAS  Postaward  Administration 

16  SEAS  Preaward  Administration 


•Cover  Letter 


JO#5429:ph 


June  1993 


BASIC  DISTRIBUTION  LIST 


Technical  Reports  and  Publications 


Organization 

Defense  Technical 
Information  Center 
Cameron  Station 
Alexandria,  VA  22304-6145  2 


Office  of  Naval  Research 
800  N.  Quincy  Street 
Arlington,  VA  22217-5660 
ATTN:  Code  3310  3 

Naval  Research  Laboratory 
4555  Overlook  Ave,  S.W. 
Washington,  DC  20375 
ATTN:  Code  6000  1 

Code  6300  1 

Code  5227  1 

Naval  Air  Warfare  Center 
White  Oak  Detachment 
Silver  Spring,  MD  20903-5000 
ATTN:  Library  1 

Code  R33  1 

Naval  Postgraduate  School 
Honterey,  CA  93940 
ATTN:  Mechanical  Engineering 
Department  1 

Naval  Air  Systems  Command 
Washington,  DC  20361 
ATTN:  Code  5304  1 


Naval  Sea  Systems  Command 
Washington,  DC  20362 
ATTN:  Code  05M  1 

Code  05R  1 


organization  Copies 

Naval  Air  Warfare  Center 
Aircraft  Division,  Trenton 
Trenton,  NJ  08628 
ATTN:  Library  1 

Naval  Facilities 
Engineering  Service  Center 
Port  Hueneme,  CA  94043 
ATTN:  Materials  Dlv.  l 

Naval  Surface  Warfare  Center 

Carderock  Division 
Bethesda,  MD  20084  1 

ATTN:  Library 


Naval  Underwater  Warfare  Ctr. 

Newport,  RI  02840 

ATTN :  Library  1 


Naval  Air  Warfare  Center 
Weapons  Division 
China  Lake,  CA  93555-6001 
ATTN:  Library  1 

NASA 

Lewis  Research  Center 
21000  Brookpark  Road 
Cleveland,  OH  44135 
ATTN:  Library  1 

National  Institute  of 
Standards  and  Technology 
Gaithersburg,  MD  20899 
ATTN:  Metallurgy  Division  1 
Ceramics  Division  1 
Fracture  &  Deformation 
Division  1 


Naval  Coasand,  Control  and 
Ocean  Survei lance  Center 
R&O  Division 
San  Diego,  CA  92152-5000 
ATTN:  Library  1 

Office  of  the  Assistant  Conaander 
HQ  Marine  Corps 
2  Navy  Annex 

Washington,  DC  20380-1775 
ATTN:  Scientific  Advisor  1 

Aray  Research  Office 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709 
ATTN:  Metallurgy  6  Ceraaics 
Prograa  1 

Aray  Materials  Technology 
Laboratory 

Watertown,  MA  02172-0001 
ATTN:  SLCMT-TMM  1 

Air  Force  Office  of  Scientific 
Research 
Building  410 
Bolling  Air  Force  Base 
Washington,  DC  20332 
ATTN:  Electronics  &  Materials 
Science  Directorate  1 

NASA  Headquarters 
Washington,  DC  20546 
ATTN:  Code  RN  1 


Naval  Surface  Warfare  Center 
Port  Hueneae  Division 
4363  Missile  Way 
Port  Hueneae 
CA  93043-4307 

ATTN:  Library  1 

Metals  Inforaation  Analysis  Center 
Purdue  University 
2595  Yeager  Road 
West  Lafayette 

IN  47906  1 


Naval  Facilities  Engineering 
Coaaand 

Alexandria,  VA  22331 
ATTN:  Code  03  1 


Oak  Ridge  National  Laboratory 
Metals  and  Ceraaics  Div. 

P.O.  Box  X 

Oak  Ridge,  TN  37380  1 


Los  Alaaos  Scientific  Lab. 
P.O.  Box  1663 
Los  Alaaos,  NM  87544 
ATTN:  Report  Librarian  1 


Argonne  National  Laboratory 
Metallurgy  Division 
P.O.  Box  229 

Leaont,  IL  60439  1 

Brookhaven  National  Laboratory 
Upton,  Long  Island 
NY  11973 

ATTN:  Research  Library  1 


Lawrence  Berkeley  Lab. 

1  Cyclotron  Rd 

Berkeley,  CA  94720 

ATTN :  Library  1 

Naval  Surface  Warfare  Center 
Annapolis  Detachaent 
Annapolis,  MD  21402-5067 
ATTN:  Code  61  1 

Code  613  1 

Code  0115  1 


supplCTgnt4l  Pifftributign  Llat 


4315DIST 
04  Jim  1993 


Profs.  G.H.  Meier  and  F.S. Pettit 
Dept,  of  Mat 'Is  Science  &  Eng. 
848  BenedUB  Hall 
University  of  Pittsburgh 
Pittsburgh,  PA  15261 

Prof.  Gordon  P.  Bierwagen 
North  Dakota  State  University 
Dept,  of  Polymers  and  Coatings 
Box  5227 
Fargo,  ND  58105 

Prof.  H.W.  Pickering 

The  Pennsylvania  State  Univ. 

209  Steidle  Bldg. 

University  Park,  PA  16802 

Prof.  D.J.  Duquette 
Dept,  of  Metallurgical  Eng. 
Rensselaer  Polytechnic  Inst. 
Troy,  NY  12181 

Prof.  D.  Tomanek 
Michigan  State  University 
Dept,  of  Physics  -anti  Astronomy 
East  Lansing,  MI  48824-1116 


Dr.  M.  W.  Kendig 

Rockwell  International  Scl.Ctr. 

1049  Camino  Dos  Rios 

P.O.  Box  1085 

Thousand  Oaks,  CA  91360 

Prof.  R.  A.  Rapp 

Dept,  of  Metallurgical  Eng. 

The  Ohio  State  University 
116  West  19th  Avenue 
Columbus,  OH  43210-1179 

Dr.  R.D.  Granata 
Sinclair  Laboratory  #7 
Lehigh  University 
Bethleham,  PA  18015 


Dr.  G.  D.  Davis 

Mazrtln  Marietta  Laboratories  848 
1450  South  Rolling  Rd. 
Baltimore,  MD  21227-3898 


Dr.  S.M.  Lipka 
Dept,  of  Ocean  Engineering 
Florida  Atlantic  University 
Boca  Raton,  FL  33431-0991 


Dr.  D.D.  Macdonald 

The  Pennsylvania  State  Univ. 

517  Deike  Bldg. 

University  Park,  PA  16802 

Dr.  B.G.  Pound 
SRI  International 
333  Ravenswood  Ave. 

Menlo  Park,  CA  94025 

Prof.  C.R.  Clayton 
Dept,  of  Materials  Science  i 
Eng. 

State  University  of  New  York 
Stony  Brook 

Long  Island,  NY  11794 

Dr.  J.W.  Oldfield 
Cortest  Laboratories  Ltd 
23  Shepherd  Street 
Sheffield,  S3  7BA,  U.K. 

Ms.  D.M.  Aylor 
Code  613 

Naval  Surface  Warfare  Center 
Annapolis,  ND  21402-5067 


Prof.  K.  Sieradzki 
Dept,  of  Materials  Sci.  &  Eng. 
The  Johns  Hopkins  University 
Baltimore,  MD  21218 


Dr.  P.S.  Pao 
Coda  6326 

Naval  Research  Laboratory 
Nashington,  D.c.  20375-5343 

Dr.  W.P.  Allen 

United  Technologies  Research 

Ctr. 

East  Hartford,  CT  06108 
Dr.  B.A.  Shaw 

Dept,  of  Eng.  Sci.  &  Mechanics 
207  Hallowell  Building 
The  Pennsylvania  State  University 
University  Park,  PA  16802-1484 

Dr.  P.  Cox 

SRI  International 

333  Ravenswood  Ave. 

Menlo  Park,  CA  94025-3493 

Dr.  R.  E.  Ricker 

National  Institute  of  Standards 

and  Technology 

Bldg.  223,  Room  B-266 

Gaithersburg,  MO  20899 

Dr.  F.B.  Mansfeld 

Dept,  of  Materials  Science 

University  of  Southern  California 

University  Park 

Los  Angeles,  CA  90089-0241 

Prof.  R.E.  White 
Dept,  of  Chemical  Engineering 
University  of  South  Carolina 
Columbia,  SC  29208 

Prof.  R.A.  Buchanan 
Dept,  of  Materials  Science  &  Eng. 
University  of  Tennessee 
Knoxville,  TN  37996-2200 

Dr.  B.J.  Little 
NRL  Detachment 
Bldg.  1105,  Room  D415 
Stennls  Space  Center 
MS  39529-5004 


Prof.  M.E.  Orazem 
Dept,  of  Chemical  Engineering 
University  of  Florida 
Gainesville,  FL  32611 


Prof.  J.  O'M.  Bockris 
Dept,  of  Chemistry 
Texas  A  &  M  University 
College  Station,  TX  77843 

Dr.  V.  S.  Agarwala 
Code  6062 

Naval  Air  Warfare  Center 
Warminster,  PA  18974-0591 

Prof.  R.C.  Newman 
UMIST 

Corrosion  and  Protection  Center 
P.O.  Box  88 

Manchester  M60  IQD,  U.K. 

Prof.  S.  C.  Dexter 
College  of  Marine  Studies 
University  of  Delaware 
700  Pilottown  Rd 
Lewes,  DE  19958 

Prof.  R.P.  Gangloff 

Dept,  of  Mat' Is  Science  &  Eng. 

Thornton  Hall 

University  of  Virginia 

Charlottesville,  VA  22903-2442 

Dr.  R.  Brown 

Dept,  of  Chemical  Engineering 
University  of  Rhode  Island 
Kingston,  R.I.  02881-0805 

Dr.  J.  Jones-Meehan 
Code  R301 

Naval  Surface  Warfare  Center 
10901  New  Hampshire  Ave. 

Silver  Spring,  MD  20903 

Dr.  P.  Natishan 
Code  6322 

Naval  Research  Laboratory 
Washington,  D.C.  20375-5343 

Dr.  R.  L.  Jones 
Code  6170 

Naval  Research  Lab. 

Washington,  D.C.  20375-5342 


